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T h e  d e t e c t i o n  a n d  q u a n t i t a t i o n  o f  p u l m o n a r y  o e d e m a  i n  m a n  i s  d i f f i c u l t .  
T h e  a n a t o m i c a l  a n d  p h y s i o l o g i c a l  f a c t o r s  w h i c h  c o n t r o l  t h e  d i s t r i b u t i o n  o f  
l u n g  l i q u i d  w e r e  r e v i e w e d  i n  o r d e r  t o  a s s e s s  t h e  v a l u e  o f  v a r i o u s  p h y s i c a l  
p r o c e s s e s  u p o n  w h i c h  p o t e n t i a l  d i a g n o s t i c  s y s t e m s  m i g h t  h e  b a s e d .  F r o m  a  
c o n s i d e r a t i o n  o f  t h e  m e c h a n is m s  o f  i n t e r a c t i o n ,  o f  g a m m a  r a y s  w i t h  m a t t e r ,  
i t  w a s  c o n c l u d e d  t h a t  t h e  p r o c e s s  o f  i n c o h e r e n t  g a m m a  r a y  s c a t t e r i n g  w o u l d  
p r o v i d e  a  b a s i s  f o r  t h e  m e a s u r e m e n t  o f  f r a c t i o n a l  w a t e r  c o n t e n t  i n  l u n g  
t i s s u e .
A  p r o t o t y p e  s c a t t e r i n g  s y s t e m  w a s  a s s e m b l e d  s o  t h a t  t h e  i n f l u e n c e  
o f  v a r i o u s  f a c t o r s  u p o n  t h e  a c c u r a c y  o f  r e s u l t s  c o u l d  b e  e x p l o r e d .  O n c e  
i t  w a s  e s t a b l i s h e d  t h a t  r e l i a b l e  r e s u l t s  c o u l d  b e  o b t a i n e d ,  t h e  f a c t o r s  
o f  i m p o r t a n c e  i n  t h e  d e s i g n  o f  a  c l i n i c a l  s y s t e m  w e r e  o p t i m i z e d .  A  d e v i c e  
w a s  c o n s t r u c t e d  a n d  u s e d  t o  e x p l o r e ,  i n  v i v o ,  t h e  i n f l u e n c e  u p o n  l u n g  
d e n s i t y  o f  b o t h  g r a v i t y  a n d  t h e  f r a c t i o n a l  a i r  c o n t e n t  o f  l u n g  t i s s u e .
T h e  d i v i s i o n  o f  e x c e s s  l u n g  w a t e r  b e t w e e n  t h e  i n t r a v a s c u l a r  a n d  
i n t e r s t i t i a l  c o m p a r t m e n t s  o f  t h e  l u n g  r e f l e c t s  t h e  a e t i o l o g y  o f  t h e  
u n d e r l y i n g  d i s e a s e .  T h e  d i f f e r e n t i a l  d i a g n o s i s  o f  p u l m o n a r y  o e d e m a  m i g h t  
h e  p o s s i b l e  i f  f r a c t i o n a l  l u n g  b l o o d  v o lu m e  c o u l d  b e  m e a s u r e d .  T h e r e f o r e  
t h e  p o s s i b i l i t y  o f  d e v e l o p i n g  a  m e t h o d  f o r  t h e  m e a s u r e m e n t  o f  t h e  
i n t e r c o m p a r t m e n t a l  d i s t r i b u t i o n  o f  e x c e s s  f l u i d  w a s  e x p l o r e d .
I t  w a s  s h o w n  t h a t  e i t h e r  t h e  d e t e c t i o n  o f  c o i n c i d e n t  g a m m a  r a y s  
e m i t t e d  i n  c a s c a d e  o r  t h e  o b s e r v a t i o n  o f  p h o t o n  i n d u c e d  c h a r a c t e r i s t i c  
x - r a y s  c o u l d  b e  u s e d  f o r  t h i s  m e a s u r e m e n t  p r o v i d e d  s u i t a b l e  c o m p o u n d s  c a n  
h e  d e v e l o p e d  w h i c h  w i l l  b e  r e s t r i c t e d  t o  t h e  v a s c u l a r  c o m p a r t m e n t .
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T h e  d e p e n d e n c e  o f  t h e  s c a t t e r i n g  f a c t o r ,  S ( x , Z ) ,  
u p o n  p h o t o n  e n e r g y  f o r  i n c o h e r e n t  s c a t t e r i n g  
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T h e  d e p e n d e n c e  o f  d e t e c t o r  r e s o l u t i o n  u p o n  
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d e n s i t y  a n d  t h e  r a t i o  o f  m u l t i p l e  s c a t t e r  c o u n t  
r a t e s  f o r  t h e  o b j e c t  a n d  f o r  w a t e r  a s  m e a s u r e d  
i n  t h e  l u n g  d e n s i t o m e t e r .
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C a s c a d e  d e t e c t i o n  e l e c t r o n i c s .
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CHAPTER 1
INCREASED FLUID CONTENT OF LUNG TISSUE AND THE DISTRIBUTION OF FLUID 
BETWEEN THE INTRA VASCULAR AND EXTRAVASCULAR COMPARTMENTS .
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1 *1  I n t r o d u c t i o n
The lu n g s  a re  one h a l f  o f  the mechanism  by which th e  body r e p l a c e s  
carbon  d i o x i d e ,  th e  p r o d u c t  o f  c e l l u l a r  m e t a b o l is m ,  w ith  e n v ir o n m e n ta l  
o x y g e n .  In  th e  lu n g s  a i r  i s  b r o u g h t  i n t o  c l o s e  c o n t a c t  w ith  c i r c u l a t i n g  
b lo o d  so  t h a t  oxygen  can d i f f u s e  i n t o  and ca rb o n  d i o x i d e  o u t  o f  re d  
b lo o d  c e l l s .  T h i s  exchange d i f f u s i o n  t a k e s  p l a c e  a c r o s s  a b a r r i e r  w h ich ,  
f o r  the sake  o f  e f f i c i e n c y ,  n eed s  t o  have a la r g e  a re a  and t o  be t h i n .
The anatomy o f  the lu n g s  i s  such  t h a t  t h e s e  c o n d i t i o n s  a r e  s a t i s f i e d .
The o t h e r  h a l f  o f  the gas  exch ange m echanism i s  b a sed  i n  the c a p i l l a r y  
netw ork o f  t i s s u e s  where oxygen  d i f f u s e s  from  the re d  c e l l  i n t o  t i s s u e  
c e l l s  in  exchange f o r  ca rb o n  d i o x i d e .  A g a in  the a r e a  o f  exch ange i s  
la r g e  and the d i s t a n c e  betw een  b lo o d  and any one t i s s u e  c e l l  i s  s m a l l .
The e f f i c i e n c y  o f  gas  exch ange in  the lu n g  i s  d e c r e a s e d  when the  
w a ter  c o n t e n t  o f  lung  t i s s u e  i s  a b n o r m a lly  h i g h .  The d i a g n o s i s  o f  t h i s  
c o n d i t i o n  i s  d i f f i c u l t  and evenswfesvuaM in c r e m e n ts  i n  th e  volum e o f  f l u i d  
w i t h i n  the lu ng  have p roved  d i f f i c u l t  t o  d e t e c t .  The p u rp ose  o f  t h i s  
work was t o  d e v e lo p  and e v a l u a t e  a n o n - i n v a s i v e  t e c h n iq u e  f o r  the  
measurem ent o f  th e  f r a c t i o n a l  w a te r  c o n t e n t  o f  lu ng  t i s s u e .  The f i r s t  
o b j e c t i v e  was t o  e s t a b l i s h  a r a t i o n a l  b a s i s  f o r  the d ev elop m en t  o f  such  
a t e c h n i q u e .  T h u s ,  in  t h i s  c h a p t e r ,  t h o s e  a n a t o m ic a l  and p h y s i o l o g i c a l  
f e a t u r e s  o f  th e  lu n g  which a r e  o f  im p o rta n ce  in  the d e s ig n  o f  t e c h n iq u e s  
f o r  the d i a g n o s i s  o f  an i n c r e a s e d  lu ng  f l u i d  c o n t e n t  a re  r e v ie w e d .  
T e c h n iq u e s  which are  c u r r e n t l y  a v a i l a b l e  are  d i s c u s s e d .  The p o t e n t i a l  
v a lu e  o f  th e  measurem ent o f  d e n s i t y  w i t h i n  a d i s c r e e t  volume o f  lu n g  
t i s s u e  i s  e xam in ed . F i n a l l y ,  th e  im p o rta n c e  o f  m e a s u r in g ,  i n  a p a t i e n t
aw ith  an i n c r e a s e d  lu ng  d e n s i t y ,  th e  d i s t r i b u t i o n  o f  f l u i d  betw een  th e  
i n t r a v a s c u l a r  and e x t r a v a s c u l a r  com p artm ents i s  c o n s i d e r e d .
1 . 2  Pulm onary Anatomy
The amount o f  f l u i d  p e r  u n i t  volum e o f  lu n g  t i s s u e  i s  d e te rm in e d  
by  th e  r e l a t i v e  amounts o f  b l o o d ,  e x t r a v a s c u l a r  f l u i d  and a i r .  To  
d e s c r i b e  th e  d i s t r i b u t i o n  o f  t h e s e  com ponents w i t h i n  the lu n g  i t  i s  
n e c e s s a r y  t o  c o n s i d e r  f i r s t  th e  anatomy o f  th e  gas  v e n t i l a t i o n  sy ste m  
and th en  t h a t  o f  th e  b lo o d  p e r f u s i o n  netw ork i n  the l u n g .
1 * 2 . 1  V e n t i l a t i o n
The lu n g s  a re  s e p a r a t e d  from  t h e  diaphragm  and th e  t h o r a c i c  cage  
by the f l u i d  w hich f i l l s  the  p l e u r a l  s p a c e .  Each lu ng  l i e s  f r e e l y  in  
i t s  c a v i t y  a t t a c h e d  o n l y  a t  th e  a n t e r i o r  end where the main b ronch us  
and b lo o d  v e s s e l s  e n t e r .  A i r  i s  sucked  i n t o  ea c h  lu n g  th rou gh  i t s  main  
b ronch us by  an upward and outw ard movement o f  the r i b s  and by a downward 
movement o f  th e  d iaph ragm .
F i g u r e  1 . 1  shows the p a t t e r n  o f  d i v i s i o n  o f  ea ch  main b r o n c h u s .  The 
a i r  sp a c e  w i t h i n  b r o n c h i a l  v e s s e l s  o f  d ia m e te r  g r e a t e r  th an  or  e q u a l  to  
a b o u t  1 mm h as  no g as  exchange f u n c t i o n  and i s  t h e r e f o r e  an a n a t o m ic a l  
dead s p a c e .  T e r m in a l  b r o n c h i o l e s  d i v i d e  i n t o  r e s p i r a t o r y  b r o n c h i o l e s  
from  which a l v e o l i  bud e i t h e r  s i n g l y  or  i n  grou p s  c a l l e d  a l v e o l a r  s a c s .
The r e s p i r a t o r y  b r o n c h i o l e s  which  a r i s e  from  a s i n g l e  t e r m i n a l  b r o n c h i o l e ,  
t o g e t h e r  w ith  t h e i r  a s s o c i a t e d  a l v e o l i ,  a re  c o l l e c t i v e l y  known a s  a t e r m i n a l  
r e s p i r a t o r y  u n i t  or  a pulm onary a c i n u s .  The r e s p i r a t o r y  u n i t  i s  th e  s i t e  
o f  g as  e x c h a n g e .
\  Respiratory
\  bronchiole
FIGURE 1 . 1 .  The gas  v e n t i l a t i o n  s y s te m  i n  the lu n g s  ( E c k e r t ,  1 9 7 8 ) .
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FIGURE I .2  The b lo o d  c i r c u l a t i o n  s y s te m  in  a t e r m i n a l  r e s p i r a t o r y  
u n i t  (R h o d in ,  1 9 7 8 )  .
VT e r m in a l  r e s p i r a t o r y  u n i t s ,  u s u a l l y  3 - 5 ,  are  grou p ed  t o g e t h e r  to  
form  a s e c o n d a ry  pulm onary l o b u l e .  T h e se  l o b u l e s  which a r e  s e p a r a t e d  
from  each  o th e r  by c o n n e c t i v e  t i s s u e  s e p t a ,  are  i r r e g u l a r l y  p o ly h e d r a l  
i n  c r o s s - s e c t i o n  w ith  ea c h  s i d e  b e i n g  1 - 2 . 5  cm i n  l e n g t h .  T h ere  are  
many i n f o l d i n g s  o f  th e  i n t e r l o b u l a r  s e p t a  which e x te n d  i n t o  th e  c o re  
o f  each  lo b u l e  and form  th e  a l v e o l a r  i n t e r s t i t i u m .  T h i s  a c t s  a s  the  
su p p o r t  from  which th e  a ir w a y s  and th e  v a s c u l a r  bed a re  su s p e n d e d .  The 
s e c o n d a ry  pulm onary l o b u l e  i s  an im p o r ta n t  s t r u c t u r e  in  th e  i n t e r p r e t a t i o n  
o f  r a d i o g r a p h i c  im ages o f  oedem atous l u n g s .
Q
In  h e a l t h y  a d u l t  lu n g s  th e r e  a re  more than  3 x  10 a l v e o l i  w ith  a 
t o t a l  s u r f a c e  a r e a  o f  some 80  m2 . T h is  i s  a p p r o x im a t e ly  4 0  t im e s  g r e a t e r  
than  the a re a  o f  c o n t a c t  betw een  th e  e x t e r n a l  e n v iro n m en t  and the s k i n .
1 . 2 . 2  P e r f u s i o n
B lo o d  i s  s u p p l i e d  t o  the lu n g s  th ro u gh  b o th  a h ig h  and a low p r e s s u r e  
s y s t e m .  The f o r m e r ,  the b r o n c h i a l  c i r c u l a t i o n ,  s u p p l i e s  th e  n u t r i t i v e  
r e q u ir e m e n ts  and rem oves w a ste  p r o d u c t s  from  th e  c e l l s  o f  th e  l u n g .
The low p r e s s u r e  s y s te m ,  the pulm onary c i r c u l a t i o n ,  b r i n g s  d e o x y g e n a te d  
b lo o d  t o  the lu n g s  and l i n k s  t o g e t h e r  th e  two pumps o f  th e  h e a r t .  B lood  
i s  pumped by the r i g h t  v e n t r i c l e  th ro u g h  the pulm onary a r t e r y  t o  the  
c a p i l l a r y  netw ork o f  th e  lu n g  where i t  i s  o x y g e n a t e d .  I t  i s  th e n  r e tu r n e d  
th ro u gh  th e  pulm onary v e i n s  t o  th e  l e f t  a tr iu m  o f  th e  h e a r t  from  where 
i t  p a s s e s  t o  th e  l e f t  v e n t r i c l e  f o r  c i r c u l a t i o n  t o  th e  s y s t e m i c  s y s te m .
The b r o n c h i a l  c i r c u l a t i o n  which i s  p a r t  o f  th e  s y s te m ic  c i r c u l a t i o n  i s  
co m p le te d  th rou gh  the pulm onary v e i n s .
F i g u r e  1 . 2  sh ow s, d i a g r a m m a t i c a l l y , th e  c a p i l l a r y  c i r c u l a t i o n  a s s o c i a t e d  
w ith  a t e r m i n a l  r e s p i r a t o r y  u n i t .  A pulm onary a r t e r i o l e  a cco m p an ie s  a
r e s p i r a t o r y  b r o n c h i o l e  u n t i l  i t  a b r u p t l y  sen ds o u t  s h o r t  t e r m i n a l  a r t e r i o l e s  
which su p p ly  the c a p i l l a r y  beds  o f  one or s e v e r a l  a l v e o l i .  A bout 90% o f  the  
a l v e o l a r  s u r f a c e  i s  c o v e r e d  by c a p i l l a r i e s .  The b lo o d  i s  d r a in e d  from  the  
c a p i l l a r y  n etw o rk s  by  s e v e r a l  pulm onary  v e n u l e s .  F i g u r e  1 . 3  shows a s e c t i o n  
o f  lu ng  t i s s u e  m a g n i f i e d  by a f a c t o r  o f  a b o u t  5 0 .  A pulm onary a r t e r y  
( l a b e l l e d  4  i n  f i g u r e  1 . 3 )  l i e s  c l o s e  to  a b r o n c h i o l e  ( 3 )  w h i le  a pulm onary  
v e i n  i s  i s o l a t e d  ( 5 ) .  I n d i v i d u a l  a l v e o l i  ( 1 )  and a l v e o l a r  s a c s  ( 2 )  can be 
s e e n .  The d i f f e r e n c e  betw een  a pulm onary a r t e r y  and a b r o n c h i a l  a r t e r y  i n  
such a v ie w  would be th e  s m a l l e r  o v e r a l l  s i z e  and lu m in a l  d ia m e te r  bu t  
t h i c k e r  w a l l s  o f  the l a t t e r .
1 . 2 . 3  The D i f f u s i o n  B a r r i e r
The d i f f u s i o n  b a r r i e r  b etw een  b l o o d  and a i r  c o n s i s t s  p r i m a r i l y  o f  the  
c a p i l l a r y  w a l l  ( t h e  e n d o t h i a l  m em brane),  i n t e r s t i t i a l  sp ace  and the a l v e o l a r  
w a l l  ( t h e  e p i t h e l i a l  m em brane).  In  f i g u r e  1 . 4 ,  the m a g n i f i c a t i o n  f a c t o r
O
o f  which i s  a b o u t  10  , numerous red  c e l l s  (R) can  be se e n  w i t h i n  c a p i l l a r i e s  
w hich b o r d e r  on a d j a c e n t  a l v e o l i  (ALV) b u t  ten d  t o  p r o tr u d e  i n t o  o n ly  one 
and t o  p r e s e n t  the t h i n n e s t  p a r t  o f  t h e i r  w a l l s  t o  t h a t  a l v e o l u s .  The 
c a p i l l a r y  membrane i s  form ed by  c y t o p la s m i c  e x t e n s i o n s  o f  e n d o t h e l i a l  c e l l s  
w hich a re  s e p a r a t e d  from  i n t e r s t i t i a l  t i s s u e  by a basem ent membrane. In  
a s i m i l a r  f a s h i o n  th e  e x te n d e d  c y t o p la s m  o f  e p i t h e l i a l  c e l l s  fo r m s  the  
e p i t h e l i a l  membrane. Two d i f f e r e n t  t y p e s  o f  e p i t h e l i a l  c e l l s  can  be seen  
in  f i g u r e  1 . 4  ( I  and I I ) .
The h ig h e r  m a g n i f i c a t i o n  v iew  o f  f i g u r e  1 . 5  shows th e  c a p i l l a r y -  
a l v e o l a r  b a r r i e r  i n  g r e a t e r  d e t a i l .  In  c e r t a i n  a r e a s ,  which may encompass  
up t o  50% o f  th e  c i r c u m f e r e n c e  o f  the c a p i l l a r y ,  b lo o d  i s  s e p a r a t e d  from  
a i r  by  o n ly  th e  e n d o t h e l i a l  and e p i t h e l i a l  membranes each  f u s e d  to  a
FIGURE 1 . 3  A l i g h t  m i c r o s c o p e  v ie w  o f  lu n g  t i s s u e  (R h o d in ,  1 9 7 8 )
7FIGURE 1 . 5  H igh  m a g n i f i c a t i o n  v ie w  o f  lu n g  t i s s u e  ( C o t t r e l l  e t  a l ,  1 9 6 7 ) .
s i n g l e  l a y e r  o f  basem ent membrane. The t o t a l  t h i c k n e s s  o f  t h i s  b a r r i e r  
i s  a b o u t  0 . 2  jim . I f  t h i s  t h i n  s t r u c t u r e  i s  f o l l o w e d  a n t i c l o c k w i s e  around  
th e  c a p i l l a r y  tow ards th e  a rro w , th e  ba sem e n t membrane t h i c k e n s  and  
e v e n t u a l l y  s e p a r a t e s .  The two membranes e n c l o s e  an i n t e r s t i t i a l  space  
which v a r i e s  i n  t h i c k n e s s  from  a b o u t  0 . 1  t o  5 y^m. The i n t e r s t i t i a l  sp a ce  
c o n t a i n s  p l a t e s  o f  e l a s t i c  t i s s u e  (EL) and b u n d le s  o f  c o l l a g e n  f i b r i l s  
(COL) embedded i n  ground s u b s t a n c e .  O th e r  c e l l s  fou n d  i n  th e  i n t e r s t i t i u m  
w i l l  be f i b r o c y t e s ,  smooth m u sc le  c e l l s  or m a c r o p h a g e s .  In  some o f  th e  
c o l l a g e n  f i b r i l s  the c h a r a c t e r i s t i c  p e r i o d i c i t y  ( 0 . 0 6 4  Jim) o f  c o l l a g e n  
can  be s e e n .
In t o t a l ,  the b a r r i e r  n o r m a l ly  s e p a r a t i n g  a i r  from  b l o o d  can  be  
e x t r e m e ly  t h i n  and i s  made up o f  an aqueous f i l m  ( 0 . 0 1  ^im) on th e  a i r  
s u r f a c e  o f  th e  a l v e o l u s ,  th e  e p i t h e l i a l  membrane ( 0 . 0 5 - 0 . 3  j i m ) , an  
i n t e r s t i t i a l  l a y e r  ( 0 . 0 2 - 0 . 2  f t n ) , the e n d o t h e l i a l  membrane ( 0 . 0 4 - 0 . 2  jim) , 
p lasm a and the w a l l  o f  the r e d  c e l l .  Each re d  c e l l  spends a b o u t  one 
sec on d  i n  th e  v i c i n i t y  o f  such a b a r r i e r  d u r in g  each  c i r c u l a t i o n  th rou gh  
th e  l u n g .  T h i s  tim e i n t e r v a l  i s  s u f f i c i e n t  f o r  th e  e q u i l i b r a t i o n  o f  th e  
d i f f u s i n g  g a s e s  t o  be v i r t u a l l y  c o m p le t e .  The p a r t i a l  p r e s s u r e  o f  oxygen  
in  a l v e o l a r  gas  i s  a b o u t  1 3 . 3  kPa w hereas t h a t  i n  d e o x y g e n a te d  b lo o d  
e n t e r i n g  the c a p i l l a r y  netw ork  i s  a b o u t  5 . 3  k P a .  Oxygen d i f f u s e s  i n t o  
th e  b lo o d  down t h i s  c o n c e n t r a t i o n  g r a d i e n t .  A l th o u g h  the r a t e  o f  d i f f u s i o n  
o f  c a r b o n  d i o x i d e  th ro u gh  t i s s u e  i s  f a s t e r  th an  t h a t  o f  o x y g e n ,  the co m p lex  
c h e m ic a l  r e a c t i o n s  by which CO2 i s  r e l e a s e d  from  b lo o d  mean t h a t  the  
o v e r a l l  r a t e  o f  exchange i s  s i m i l a r  to  t h a t  o f  o x y g e n .  The c o n c e n t r a t i o n  
o f  ca rb o n  d i o x i d e  f a l l s  from  a pCCft o f  a b o u t  6 . 0  kPa i n  d e o x y g e n a te d  b lo o d  
t o  a b o u t  5 . 3  kPa f o r  a l v e o l a r  g a s .
9Of prim e c o n c e r n  in  t h i s  r e v ie w  are  the f a c t o r s  which d e te r m in e  th e  
d i s t r i b u t i o n  o f  f l u i d  th ro u g h o u t  th e  l u n g .  In  t h i s  s e c t i o n ,  membrane 
p e r m e a b i l i t i e s  and th e  f o r c e s  t o  w hich w ater  m o le c u le s  a re  s u b j e c t e d  
w i l l  be c o n s i d e r e d .
1 . 3 . 1  P e r m e a b i l i t y
The a b s o l u t e  v a lu e  o f  the p e r m e a b i l i t y  o f  a c a p i l l a r y  membrane to  
a p a r t i c u l a r  s u b s ta n c e  can be s p e c i f i e d  when the q u a n t i t y  o f  t h a t  s u b s ta n c e  
p a s s i n g  th ro u gh  u n i t  a r e a  o f  th e  membrane p e r  u n i t  tim e p e r  u n i t  tr a n s m u r a l  
p r e s s u r e  g r a d i e n t  i s  known. Few m easurem ents have been o b t a i n e d  which  
s a t i s f y  t h e s e  r i g o r o u s  r e q u i r e m e n t s .  N e v e r t h e l e s s ,  u s in g  a v a r i e t y  o f  
t e c h n i q u e s ,  i t  h as  been e s t a b l i s h e d  t h a t  d i f f e r e n c e s  i n  c a p i l l a r y  p e r m e a b i l i t y  
e x i s t  n o t  o n ly  b etw een  d i f f e r e n t  t i s s u e s  from  th e  same body b u t  a l s o  betw een  
d i f f e r e n t  r e g i o n s  o f  the same t i s s u e .  For  e x a m p le ,  th e  c a p i l l a r i e s  w i t h i n  
th e  l i v e r  a re  more p erm e ab le  than  t h o s e  w i t h i n  the i n t e s t i n e  (R e n k in ,  1 9 6 4 ) ;  
venous c a p i l l a r i e s ,  in  g e n e r a l ,  a r e  a p p r o x im a t e ly  tw ic e  a s  p erm e ab le  to  
w a ter  th an  a r e  a r t e r i a l  c a p i l l a r i e s  ( I n t a g l i e t t a ,  1 9 6 7 )  . I t  i s  th ou g h t  
t h a t  t h e s e  r e g i o n a l  d i f f e r e n c e s  a r i s e  from  v a r i a t i o n s  in  the n a tu r e  o f  
th e  c a p i l l a r y  membrane i t s e l f .
G e n e r a l l y  e n d o t h e l i a l  membranes are  d i v i d e d  i n t o  two t y p e s  a c c o r d i n g  
t o  the s t r u c t u r e  o f  the j u n c t i o n s  b etw een  c e l l s .  Those c a p i l l a r i e s  which  
have t i g h t  i n t e r c e l l u l a r  j u n c t i o n s  or  c l e f t s  r e p r e s e n t  the c o n t in u o u s  
typ e  ( f i g u r e  1 . 6 ) .  A v i s c e r a l  c a p i l l a r y  h as  r e l a t i v e l y  l a r g e  i n t e r c e l l u l a r  
gaps c a l l e d  f e n e s t r a t i o n s  ( f i g u r e  1 . 7 ) .  Pulm onary c a p i l l a r i e s  a re  o f  th e  
c o n t in u o u s  t y p e ;  th o s e  o f  th e  b r o n c h i a l  c i r c u l a t i o n  are  v i s c e r a l .
1.3  Pulmonary Fluid D istribu tion
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FIGURE 1 . 6  A t i g h t  j u n c t i o n  b e tw e e n  two e n d o t h e l i a l  c e l l s  o f  a 
o f  th e  c o n t in u o u s  ty p e  ( C a s l e y - S m i t h  e t  a l ,  1 9 7 5 ) .
FIGURE 1 . 7  F e n e s t r a t i o n s  i n  th e  w a l l s  o f  a v i s c e r a l  c a p i l l a r y  
( C a s l e y - S m i t h ,  1 9 7 1 ) .
c a p i l l a r y
Pulm onary e n d o t h e l i a l  c a p i l l a r i e s  a re  h i g h l y  p erm e ab le  to  w ater  
(R ob in  e t  a l ,  1 9 7 3 ) .  They a r e  a l s o  p e rm e ab le  t o  e l e c t r o l y t e s  such as  
Na+ , K+ and C l ” , and t o  s m a l l  u n ch arged  m o l e c u l e s  such as u r e a ,  g lu c o s e  
and s u c r o s e .  The p a s s a g e  o f  s u b s t a n c e s  o f  h ig h  m o le c u la r  w e ig h t  i s  
r e s t r i c t e d  b u t  n o t  p r e v e n t e d .  I t  h a s  b een  c la im e d  t h a t  the e f f e c t i v e  
p ore  d ia m e te r  i n  the e n d o t h e l i a l  membrane may be as  h ig h  a s  0 . 5  jim 
( T a y l o r  and G a ar ,  1 9 7 0 ) .  The p e r m e a b i l i t y  c h a r a c t e r i s t i c s  o f  the  
e p i t h e l i a l  membrane a re  l e s s  w e l l  d e f i n e d .  I t  a p p ears  t h a t  i t  i s  l e s s  
p erm e ab le  th an  the e n d o t h e l i a l  membrane. The d ia m e te r  o f  the l a r g e s t  
p o r e s  w i t h i n  th e  e p i t h e l i a l  membrane i s  th o u g h t  t o  be a b ou t  0 . 1  jim 
( T a y l o r  and G a ar ,  1 9 7 0 ) .
Many s t u d i e s  have shown t h a t ,  under norm al c i r c u m s t a n c e s ,  the o v e r a l l  
b lo o d  t o  a i r  b a r r i e r  i s  r e l a t i v e l y  im perm eable  to  s m a l l ,  l i p i d  i n s o l u b l e  
s o l u t e s .  However, w ith  lo n g  terra e x p o s u r e  to  abnorm al p h y s i o l o g i c a l  
c o n d i t i o n s  even  s u b s t a n c e s  o f  h ig h  m o le c u la r  w e ig h t  r e a d i l y  d i f f u s e  
a c r o s s  th e  b a r r i e r .  F o r  e x a m p le ,  in  c e r t a i n  form s o f  s e v e r e  pulm onary  
oedema, a l v e o l i  c o n t a i n  a p r o t e i n  r i c h  f l u i d  (R obin  e t  a l ,  1 9 7 2 ) .  I t  
has been  shown t h a t  the p e r m e a b i l i t y  o f  the b l o o d - a i r  b a r r i e r  may be  
a l t e r e d  by a v a r i e t y  o f  t o x i c  a g e n t s  w hich p roduce  s t r u c t u r a l  changes  
or i t  may be a l t e r e d  by such  haemodynamic f a c t o r s  as a r a i s e d  b lo o d  
volume or an i n c r e a s e d  c a p i l l a r y  h y d r o s t a t i c  p r e s s u r e  (S c h n e e b e r g e r  and 
K a rn o v sk y ,  1971*, P i e t r a  e t  a l ,  1 9 6 9 ) .
1 . 3 . 2  F l u i d  D i s t r i b u t i o n
In  any t i s s u e  w ater  i s  d i s t r i b u t e d  th ro u g h o u t  a number o f  a n a t o m i c a l l y  
d i s t i n c t  co m p artm e n ts .  Net t r a n s f e r  o f  w a ter  from  one com partm ent to  
a n o th e r  i s  under the c o n t r o l  o f  a number o f  d i f f e r e n t  f o r c e s .  The
p r e s e n c e  o f  a i r  and th e  e l a s t i c i t y  o f  lu n g  t i s s u e  c o m p li c a t e  an a lr e a d y  
com p lex  s i t u a t i o n .  B r e a t h in g  m o t io n s  o f  the lu n g  c r e a t e  a n e g a t i v e  
h y d r o s t a t i c  p r e s s u r e  i n  th e  p l e u r a l  sp a c e  and the t o t a l  organ  i s  s u b j e c t e d  
t o  t h i s  f l u c t u a t i n g  n e g a t i v e  p r e s s u r e .  To d e s c r i b e  th e  d i s t r i b u t i o n  o f  
w a ter  w i t h i n  lu n g  t i s s u e  i t s e l f ,  f o u r  d i s t i n c t  f l u i d  com partm ents m ust  
be c o n s i d e r e d .  The v a s c u la r jc o m g a r t m e n t  i s  t h a t  sp ace  o c c u p ie d  by b lo o d  
w i t h in  v e s s e l s  which p a r t i c i p a t e  i n  th e  exchange o f  f l u i d  betw een  the  
v a s c u l a r  and i n t e r s t i t i a l  s p a c e s .  Such v e s s e l s  a re  c a p i l l a r i e s ,  s m a l l  
a r t e r i o l e s  and s m a l l  v e n u l e s .  The v a s c u l a r  compartment may be s u b d i v i d e d  
i n t o  two co m p artm e n ts ,  the  a l v e o l a r  and e x t r a - a l v e o l a r  s p a c e s .  A l v e o l a r  
v e s s e l s  a re  th o s e  w i t h i n  a l v e o l a r  s e p t a ;  e x t r a - a l v e o l a r  v e s s e l s  a r e  th o s e  
w i t h i n  the t i s s u e  s p a c e s  b etw een  a l v e o l i .  T h i s  d i v i s i o n  i s  b a se d  on the  
im p o rta n ce  o f  th e  v e s s e l  i n  the g a s  exchange f u n c t i o n  o f  th e  l u n g .  The 
a lv e o la r _ c o m g a r tra e n  t  i s  th e  g as  sp a ce  w hich i s  l i n e d  by  the e p i t h e l i a l  
membrane. The lym phatic^ compartment^ i s  t h a t  sp ace  which i s  o c c u p ie d  by 
lymph f l u i d .  The ly m p h a t ic  sy ste m  can be th o u g h t  o f  as a d r a in a g e  sy ste m  
which rem oves e x c e s s  f l u i d  fro m  th e  i n t e r s t i t i a l  com p artm en t.  The 
^ n ^ e £ s ^ i t i a l _ c o m £ a r t m e n t  i s  t h a t  sp a c e  o u t s i d e  o f  b lo o d  v e s s e l s ,  a l v e o l i  
and l y m p h a t i c s .  I t  a l s o  can be s u b d iv i d e d  i n t o  two c o m p a rtm e n ts .  One i s  
t h a t  sp ace  which i s  c o n t in u o u s  w ith  th e  basem ent membranes o f  e p i t h e l i a l  
and e n d o t h e l i a l  c e l l s  i n  a l v e o l a r  s e p t a  and the o th e r  i s  t h a t  sp ace  
which su rro u n d s  s m a l l  a r t e r i o l e s ,  v e n u l e s ,  b r o n c h i o l e s  and l y m p h a t i c s .
T h is  s u b d i v i s i o n  i s  o f  im p o rta n ce  i n  the d e s c r i p t i o n  o f  th e  d i s t r i b u t i o n  
o f  any e x c e s s  f l u i d  (oedem a) which may be p r e s e n t  w i t h in  th e  i n t e r s t i t i a l  
s p a c e .
The d i r e c t i o n s  and p o i n t s  o f  a c t i o n  o f  the f o r c e s  o p e r a t i n g  i n  t h e s e  
com partm ents are  i l l u s t r a t e d  i n  f i g u r e  1 . 8 .  The n e t  r e s u l t  o f  t h e s e
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FIGURE 1 . 8  Lung F l u i d  C om p artm en ts .
Arrow s a re  p l a c e d  w i t h i n  th e  com p artm ent from  w h ic h  th e  
p r e s s u r e  o r i g i n a t e s . D i r e c t i o n  o f  arrow  i n d i c a t e s  d i r e c t i o n  
o f  e i t h e r  h y d r o s t a t i c  ( * * ) ,  s u r f a c e  t e n s i o n  (• -> ) ,  or  c o l l o i d  
o s m o t ic  p r e s s u r e s  (►*■) .
1 4
f o r c e s  must be t o  e n su r e  t h a t  the r e s p i r a t o r y  t r a c t  and i n t e r s t i t i a l  
t i s s u e  rem ain  f r e e  o f  oedema s o  t h a t  e f f i c i e n t  gas exch ange may p r o c e e d .
The v a r i o u s  f o r c e s  a re  c o n s i d e r e d  i n  more d e t a i l  i n  the f o l l o w i n g  s e c t i o n s .
1 . 3 . 2 . 1  C a p i l l a r y  H y d r o s t a t i c  P r e s s u r e
C a p i l l a r y  h y d r o s t a t i c  p r e s s u r e  a r i s e s  from  the r e s i s t a n c e  o f  b lo o d  
v e s s e l s  t o  the f l o w  o f  b lo o d  pumped fro m  th e  h e a r t .  I t  i s  the m a jo r  
f o r c e  by which f l u i d  i s  f i l t e r e d  from  the v a s c u l a r  com p artm en t.  In  
any v a s c u l a r  n e tw o rk , h y d r o s t a t i c  p r e s s u r e  f a l l s  from  the a r t e r i a l  to  
the v en ou s end o f  the c a p i l l a r y  l o o p .  F l u i d  i s  f i l t e r e d  from  th e  a r t e r i a l  
s i d e  o f  the lo o p  w h i le  i t  i s  a b s o r b e d  i n t o  th e  ven ou s s i d e  where the  
a b s o r p t i v e  f o r c e  i s  g r e a t e r  th an  th e  f i l t r a t i o n  f o r c e .  In  t h e  lu n g s  th e r e  
i s  a c o n s t a n t  f l o w  o f  lymph from  ly m p h a t ic  v e s s e l s  (Erdmann e t  a l ,  1 9 7 5 ) .  
Thus th e r e  i s  a n e t  f i l t r a t i o n  o f  f l u i d  from  th e  v a s c u l a r  com p artm en t.
When c a p i l l a r y  h y d r o s t a t i c  p r e s s u r e  i n c r e a s e s  th e r e  i s  an a lm o s t  l i n e a r  
i n c r e a s e  i n  lymph f l o w .
The c a p i l l a r i e s  w i t h i n  a l v e o l a r  s e p t a  a r e  d i s t e n s i b l e .  C o n s e q u e n t ly ,  
t h e y  a r e  p a r t i c u l a r l y  s e n s i t i v e  t o  p r e s s u r e  f l u c t u a t i o n s  e x e r t e d  by the  
gas w i t h i n  a l v e o l i .  C a p i l l a r y  d ia m e te r  w i l l  be d e te r m in e d  by the d i f f e r e n c e  
betw een  th e  p r e s s u r e s  e x e r t e d  on t h e i r  w a l l s .  P r i n c i p a l l y ,  t h e s e  p r e s s u r e s  
a re  the c a p i l l a r y  h y d r o s t a t i c  p r e s s u r e ,  w hich  a v e r a g e s  a b o u t  1 . 0  kP a, and 
a l v e o l a r  g as  p r e s s u r e .  I f  a l v e o l a r  p r e s s u r e  i s  g r e a t e r ,  c a p i l l a r i e s  w i l l  
c o l l a p s e  and f l o w  w i l l  c e a s e .  In  th e  v e r t i c a l  l u n g ,  pulm onary a r t e r i a l  
p r e s s u r e  i s  o n ly  j u s t  s u f f i c i e n t  t o  r a i s e  b lo o d  t o  the ap ex  o f  the l u n g .  
C o n s e q u e n t ly ,  s m a l l  v e s s e l s  i n  the a p i c e s  a r e  n o t  n o r m a l ly  p e r f u s e d .
T hese c o n d i t i o n s  o f  t i s s u e  p e r f u s i o n  a r e  r e f e r r e d  t o  a s  zone 1 c o n d i t i o n s .
Both c a p i l l a r y  and v en ou s  p r e s s u r e  i n c r e a s e  p r o g r e s s i v e l y  down th e  lu n g  
due t o  g r a v i t a t i o n .  A l v e o l a r  p r e s s u r e  r e m a in s  c o n s t a n t .  When c a p i l l a r y  
p r e s s u r e  e x c e e d s  t h a t  i n  the a l v e o l u s ,  w hich i n  tu rn  i s  s t i l l  g r e a t e r  than  
v en ou s p r e s s u r e ,  th e  d ia m e te r  o f  c a p i l l a r i e s  and h ence th e  r e s i s t a n c e  t o  
b l o o d  f l o w ,  i s  d e te r m in e d  by  th e  d i f f e r e n c e  b etw een  c a p i l l a r y  h y d r o s t a t i c  
and a l v e o l a r  p r e s s u r e .  P resu m a b ly  v e n u l e s  do n o t  c o l l a p s e  s i n c e  th e y  
a r e  n o t  s u b j e c t  t o  th e  c o m p r e s s iv e  f o r c e s  e x e r t e d  by a l v e o l a r  p r e s s u r e .
T h i s  c o n d i t i o n  o f  p e r f u s i o n  i s  r e f e r r e d  to  a s  zone 2 .  E v e n t u a l l y  ven ou s  
p r e s s u r e  a l s o  w i l l  e x c e e d  a l v e o l a r  p r e s s u r e  and th e  r a t e  o f  f l o w  w i l l  be  
d e te r m in e d  by th e  d i f f e r e n c e  betw een  c a p i l l a r y  and v en ou s p r e s s u r e  (z o n e  3 
c o n d i t i o n s ) . T h is  p r e s s u r e  d i f f e r e n c e  w i l l  n o t  v a r y  w ith  h e i g h t  s i n c e  
b o th  p r e s s u r e s  i n c r e a s e  t o  the same e x t e n t .  N e v e r t h e l e s s ,  th e  r a t e  o f  
f lo w  w i l l  s t i l l  r i s e  s i n c e  the i n c r e a s i n g  p r e s s u r e s  expand v e s s e l s  and  
red u ce  the r e s i s t a n c e  t o  f l o w .  Zone 3 c o n d i t i o n s  o f  p e r f u s i o n  a re  t h o s e  
w hich e x i s t  i n  o t h e r  v a s c u l a r  s y s t e m s .  The th r e e  zon es  a r e  n o t  d i s t i n c t  
a n a t o m ic a l  r e g i o n s  s i n c e  p e r f u s i o n  c o n d i t i o n s  w i l l  v a r y ,  f o r  e x a m p le ,  
d u r in g  th e  c a r d i a c  c y c l e ,  w ith  e x e r c i s e  or  by c h a n g in g  p o s t u r e .
In  th e  s y s t e m i c  c i r c u l a t i o n  th e  s i t e  o f  the m a jo r  p r e s s u r e  drop in  
the c i r c u l a t i o n  i s  th e  a r t e r i o l e  ( M e l la n d e r  and Joh an n son , 1 9 6 8 ) .  T h is  
v a s c u l a r  " s t o p c o c k 11 e s t a b l i s h e s  the n e c e s s a r y  p e r i p h e r a l  r e s i s t a n c e  f o r  
the g e n e r a t i o n  o f  l e f t  v e n t r i c u l a r  p r e s s u r e  and p r o t e c t s  c a p i l l a r i e s  from  
the h ig h  a r t e r i a l  p r e s s u r e .  A r t e r i o l e s  r e g u l a t e  b lo o d  p r e s s u r e  and 
c o n t r o l  the d i s t r i b u t i o n  o f  b l o o d  f l o w  by means o f  c o n t r a c t i o n s  and 
r e l a x a t i o n s  o f  t h e i r  r e l a t i v e l y  t h i c k  smooth m u sc le  c o a t i n g .  Such a c t i v i t y  
i s  c o n t r o l l e d  by n e u r a l  s t i m u l i  and by b lo o d  borne v a s o a c t i v e  s u b s t a n c e s  
( M e l l a n d e r ,  1 9 7 8 ) .  I t  h as  been  shown (Pappenheim er and S o t o - R i v e r a ,  1 9 4 8 )
t h a t  c a p i l l a r y  p r e s s u r e  (P c )  can be r e l a t e d  t o  a r t e r i a l  (Pa) and venous  
p r e s s u r e  (P v) i n  th e  f o l l o w i n g  manner:
Pc = ( r v / r a )F a  +  Pv 1 . 1 .
1 +  ( r v / r a )
where r v / r a i s  th e  p o s t -  t o  p r e - c a p i l l a r y  r e s i s t a n c e  r a t i o .  S in c e  the  
m a j o r i t y  o f  c a r d i o v a s c u l a r  c o n t r o l  m echanism s seem t o  be d e s ig n e d  to  
keep a r t e r i a l  and ven ou s p r e s s u r e  c o n s t a n t ,  a d ju s t m e n t s  i n  the r e s i s t a n c e  
r a t i o  would r e p r e s e n t  a m echanism o f  c o n t r o l  o f  c a p i l l a r y  p r e s s u r e  (O b e r g ,
1 9 6 4 ) .  T h i s  mechanism o f  c o n t r o l  o f  c a p i l l a r y  p r e s s u r e  i s  a p p a r e n t  i n  
t h o s e  t i s s u e s  which a re  w i d e l y  d i s t r i b u t e d  and which a re  im p o r t a n t  i n  the  
m a in ta in a n c e  o f  p lasm a  v o lu m e .  Such t i s s u e s  a r e  s k e l e t a l  m u s c le  and s k in  
r a t h e r  than i n t e r n a l  o rg a n s  such  as  th e  l u n g .
In  the lu n g s  the p r o t e c t i v e  f u n c t i o n  o f  a r t e r i o l e s  i s  red u n d an t  
s i n c e  a r t e r i a l  p r e s s u r e  i s  much l o w e r .  N e v e r t h e l e s s ,  pulm onary  a r t e r i o l e s  
s t i l l  have a c o a t i n g  o f  smooth m u s c le  ( S o b i n ,  L i n d a l  and B e r n i c k ,  1 9 7 7 )  
and b o th  a r t e r i o l e s  and v e n u l e s  c o n t r a c t  a c t i v e l y  and w ith  g r e a t  v a r i a t i o n  
(Wearn e t  a l ,  1 9 3 4 ) .  H ow ever, th e  m a jo r  mechanism i n  the lu n g s  f o r  
c h a n g in g  th e  amount o f  f l u i d  t r a n s f e r r e d  p e r  u n i t  t im e a c r o s s  c a p i l l a r y  
w a l l s  i s  v e s s e l  r e c r u i t m e n t .  T h i s  p r o c e s s ,  w hich i s  u n iq u e t o  th e  l u n g s ,  
i s  d ep en d en t upon th e  h i g h l y  c o m p li a n t  n a tu r e  o f  pulm onary v e s s e l s .
N o rm a lly  th e  c a p a c i t y  o f  th e  pulm onary v a s c u l a r  com partm ent i s  g r e a t e r  than  
the pulm onary b lo o d  volum e and th e r e  i s '  a r e s e r v e  o f  v e s s e l s  a v a i l a b l e  t o  
open up i n  r e s p o n s e  t o  i n c r e a s e d  p r e s s u r e .
1 . 3 . 2 . 2  V a s c u la r  C o l l o i d  O sm o tic  P r e s s u r e
W i t h i n  th e  v a s c u l a r  com partm ent th e  f o r c e  r e s p o n s i b l e  f o r  f l u i d  
r e a b s o r p t i o n  i s  th e  c o l l o i d  o s m o t ic  p r e s s u r e  ( o n c o t i c  p r e s s u r e )  e x e r t e d
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by p lasm a p r o t e i n s  and , i n  p a r t i c u l a r ,  by a lb u m in .  A l th o u g h  t h i s  f o r c e  
i s  th o u g h t  t o  be  c o n s t a n t  th ro u g h o u t  th e  c a p i l l a r y  lo o p  a v e r a g i n g  a b o u t
3 . 1  k P a, i t  has n o t  b een  p ro ve d  t h a t  c a p i l l a r y  o n c o t i c  p r e s s u r e  i s  th e  
same as  t h a t  i n  l a r g e  v e s s e l s .  I t  i s  p o s s i b l e  t h a t  th e  p r e s e n c e  o f  red  
c e l l s  may i n f l u e n c e  c a p i l l a r y  o n c o t i c  p r e s s u r e  (H ansen , 1 9 6 1 )  . L a n d is  
and Pappenheim er ( 1 9 6 3 )  d e r i v e d  th e  f o l l o w i n g  e m p i r i c a l  r e l a t i o n  betw een  
th e  o n c o t i c  p r e s s u r e ,7 V ( c m  H2O ) , o f  a lb u m in  s o l u t i o n s  and p r o t e i n  
c o n c e n t r a t i o n ,  c ,  e x p r e s s e d  i n  m o l e s . l i t r e ” 1 :
K  *  2 . 8 c  +  0 . 1 8 c 2 +  0 . 0 1 2 c 4 . 1 . 2 .
Such a r e l a t i o n  d e s c r i b e s  a mechanism  f o r  th e  c o n s e r v a t i o n  o f  f l u i d  
volum e w i t h i n  the v a s c u l a r  com p artm en t.  I f  f l u i d  i s  l o s t  fro m  plasm a  
t h e r e  w i l l  be an i n c r e a s e  i n  a lb u m in  c o n c e n t r a t i o n  which  w i l l  i n c r e a s e  
o n c o t i c  p r e s s u r e .  I f  the  same volum e o f  f l u i d  i s  added t o  th e  v a s c u l a r  
com partm ent the change i n  a lb u m in  c o n c e n t r a t i o n  w i l l  be o f  the same 
m agnitu de b u t  i n  th e  o p p o s i t e  d i r e c t i o n .  H ow ever, th e  m a g n itu d e  o f  
th e  f a l l  i n  c o l l o i d  o s m o t ic  p r e s s u r e  w i l l  be l e s s  than th e  above i n c r e a s e  
b e c a u s e  o f  th e  n o n - l i n e a r  r e l a t i o n  b etw e e n  p r o t e i n  c o n c e n t r a t i o n  and  
c o l l o i d  o s m o t ic  p r e s s u r e .
1 . 3 . 2 . 3  I n t e r s t i t i a l  T i s s u e  H y d r o s t a t i c  P r e s s u r e
The p r e s s u r e s  w i t h i n  the i n t e r s t i t i a l  compartment are  d i f f i c u l t  to  
d e f i n e .  The h y d r o s t a t i c  p r e s s u r e  e x e r t e d  by t i s s u e  f l u i d  i s  one component  
o f  a t o t a l  i n t e r s t i t i a l  p r e s s u r e ;  th e  o t h e r  i s  a s o l i d  t i s s u e  p r e s s u r e  
e x e r t e d  by c e l l  c o n t a c t ,  th rou gh  f i b e r s  or o t h e r  s o l i d  t i s s u e  e le m e n ts  
and by the i n t e r s t i t i a l  g e l  m a t r i x .  The t o t a l  t i s s u e  p r e s s u r e  i s  the  
sum o f  th e s e  two com ponents (G uyton e t  a l ,  1 9 7 1 ) .
N e i t h e r  th e  p r e c i s e  m agnitu de nor th e  d i r e c t i o n  o f  a c t i o n  o f  the  
h y d r o s t a t i c  t i s s u e  p r e s s u r e  i s  known. M easurem ents made w i t h  s u b c u t a n e o u s ly  
i n s e r t e d  m i c r o - c a p i l l a r y  tu b e s  i n d i c a t e  a p o s i t i v e  p r e s s u r e  ( i . e . ,  a 
p r e s s u r e  w hich  would d i r e c t  f l u i d  i n t o  th e  c a p i l l a r y )  o f  a p p r o x im a t e ly  
0 . 1  kPa (W ie d e r h ie lm ,  1 9 6 8 ) .  M easurem ents made w ith  su b c u ta n e o u s  p e r f o r a t e d  
c a p s u l e s ,  h o w ev er ,  y i e l d  r e s u l t s  o f  a p p r o x im a t e ly  - 0 . 9  kP a  (G u y ton , 1 9 6 3 ) .
T hese n e g a t i v e  p r e s s u r e s  are  s u p p o r te d  by d a ta  o b t a in e d  from  m easurem ents  
made w ith  a t e c h n iq u e  u s i n g  a c o t t o n  w ic k  (S c h o la n d e r  e t  a l ,  1 9 6 8 ) .
The d i f f e r e n t  r e s u l t s  o b t a i n e d  w i t h  t h e s e  v a r i o u s  t e c h n iq u e s  a r i s e  
from  th e  measurem ent o f  d i f f e r e n t  p r e s s u r e s .  To measure h y d r o s t a t i c  
p r e s s u r e  e x e r t e d  by t i s s u e  f l u i d ,  c o n t a c t  m ust be e s t a b l i s h e d  betw een  
the p r e s s u r e  m e a su r in g  d e v i c e  and t i s s u e  f l u i d .  U s in g  the n e e d le  
te c h n iq u e  a s m a l l  volume o f  f l u i d  h as  t o  be i n j e c t e d  p r i o r  t o  m easu rem ent.
S in c e  a 0 . 5  d ia m e te r  m i c r o p i p e t t e  i s  p r o b a b ly  an o rd e r  o f  m agnitude  
g r e a t e r  than  th e  t i s s u e  f l u i d  d r o p l e t s  o b s e r v e d  by Chase ( 1 9 5 9 ) ,  
d i s t o r t i o n s  o f  th e  t i s s u e  sp a ce  are  i n e v i t a b l e  when the n e e d le  t e c h n iq u e  
i s  u s e d .  N e v e r t h e l e s s ,  n e g a t i v e  p r e s s u r e s  have been  o b s e r v e d  (M cM aster ,
1 9 4 1 )  and m easured (Emmett e t  a l ,  1 9 6 7 )  i n  su b c u ta n e o u s  t i s s u e s  w ith  
n e e d le  p r o c e d u r e s .
In  th e  c a p s u l e  and w ic k  t e c h n i q u e s ,  i t  i s  th o u g h t  t h a t  the w a l l  o f  
the c a p s u l e  and the f i b r e s  o f  th e  w ick  s u p p o r t  the t i s s u e  e le m e n t s  and 
c o u n t e r b a la n c e  th e  p o s i t i v e  s o l i d  t i s s u e  p r e s s u r e .  The p r e s s u r e  m easured  
i s  th en  t h a t  t o  w hich a w a te r  m o le c u le  i s  s u b j e c t e d  i n  the i n t e r s t i t i a l  
s p a c e .  In  th e  p r e s e n c e  o f  oedema, when m o b i le  f l u i d  e x i s t s  th ro u g h o u t  
t i s s u e s ,  the p r e s s u r e s  m easured by the t h r e e  t e c h n iq u e s  a g r e e .
Meyer e t  a l  ( 1 9 6 8 )  fo u n d ,  u s in g  th e  c a p s u l e  m ethod , t h a t  lu n g  
t i s s u e  f l u i d  p r e s s u r e  i n  dogs was a b ou t  - 0 . 8  kP a . T h is  m easured p r e s s u r e
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i s  s i m i l a r  t o  t h a t  which would be e x p e c t e d  i f  p lasm a c o l l o i d  o s m o t ic  
p r e s s u r e  was s u b t r a c t e d  from  th e  sum o f  c a p i l l a r y  h y d r o s t a t i c  and t i s s u e  
f l u i d  c o l l o i d  o s m o t ic  p r e s s u r e .  S taub  ( 1 9 7 4 )  d o u b ts  t h a t  th e  c a p s u l e  
t e c h n iq u e  m e asu res  t i s s u e  f l u i d  h y d r o s t a t i c  p r e s s u r e .  He c l a i m s  t h a t  
the i n s e r t i o n  o f  the c a p s u l e  p r o v o k e s  s c a r r i n g  and t h a t  th e  c a p s u l e  sp a c e  
i s  p r o b a b ly  n o u r is h e d  by the h ig h  p r e s s u r e  b r o n c h i a l  c i r c u l a t i o n .  T h is  
seems u n l i k e l y  s i n c e ,  i f  the c a p s u l e  were s u p p l i e d  from  th e  b r o n c h i a l  
c i r c u l a t i o n ,  i t  i s  d i f f i c u l t  t o  c o n c e i v e  how a n e g a t i v e  h y d r o s t a t i c  
p r e s s u r e  c o u ld  be m easured i n  th e  c a p s u l e .  I t  may be t h a t  t i s s u e  h y d r o ­
s t a t i c  p r e s s u r e  i s  d i f f e r e n t  i n  the two d i s t i n c t  r e g i o n s  o f  the lu n g  
i n t e r s t i t i a l  s p a c e .  H ow ever, the c a p s u l e  t e c h n iq u e  a p p e a rs  t o  be r e l i a b l e  
s i n c e  i t  has b een  shown t h a t  c a p s u l a r  f l u i d  i s  i n  dynamic e q u i l i b r i u m  
w ith  t i s s u e  f l u i d  (L iberm ann e t  a l ,  1 9 7 2 )  a l t h o u g h  t h i s  has b e e n  d i s p u t e d  
by H aljam ae e t  a l  ( 1 9 7 4 ) .  T r a n s l a t i o n  o f  c a p s u le  p r e s s u r e s  m easured i n  
dogs t o  an e x p e c t e d  v a lu e  i n  humans i m p l i e s  a t i s s u e  f l u i d  p r e s s u r e  o f  
- 2 . 1  kPa (M eyer e t  a l ,  1 9 6 8 ) .
1 . 3 . 2 . 4  T i s s u e  F l u i d  C o l l o i d  O sm o tic  P r e s s u r e
S m a ll  ly m p h a t ic  v e s s e l s  a re  p e rm e a b le  t o  la r g e  m o l e c u l e s  w hereas  
l a r g e r  v e s s e l s  a re  n o t  ( C a s l e y - S m i t h ,  1 9 6 9 ) .  T h u s ,  b e c a u se  v a l v e s  
w i t h i n  the ly m p h a t i c s  p r e v e n t  b a c k f lo w ,  m a c r o m o le c u le s  e n t e r  lymph f l u i d  
b u t  do n o t  e s c a p e  ( Y o f f e y  and C o u r t i c e ,  1 9 5 6 ) .  H ow ever, w a te r  ca n  move 
f r e e l y  i n t o  and o u t  o f  a l l  lymph v e s s e l s .  I f  th e  t i s s u e  p r e s s u r e  
s u r r o u n d in g  t h e s e  v e s s e l s  i s  n e g a t i v e  th en  th e  m a jor  f u n c t i o n  o f  ly m p h a tic  
r e t u r n  m ust be re g a r d e d  a s  a mechanism  f o r  th e  m a in ta in a n c e  o f  v a s c u l a r  
c o l l o i d  o s m o t ic  p r e s s u r e  and the c o n c u r r e n t  r e d u c t i o n  o f  t i s s u e  f l u i d  
c o l l o i d  o s m o t ic  p r e s s u r e .
1 0
In  th e  p r e s e n c e  o f  oedem a, i t  h as  b een  shown t h a t  Che o n c o t i c  
p r e s s u r e s  o f  lu n g  lymph and f r e e  i n t e r s t i t i a l  f l u i d  a r e  e q u a l  (Vriera  
e t  a l ,  1 9 7 6 ) .  I t  has a l s o  b een  shown, a u t o r a d i o g r a p h i c a l l y ,  t h a t ,  a t  
l e a s t  i n  ly m p h a t i c s  down t o  a b o u t  3 jim i n  d i a m e t e r ,  t h e r e  i s  no c o n c e n t r a t i o n  
o f  a lb u m in  a lo n g  lymph v e s s e l s  ( N i c o l a y s e n  e t  a l ,  1 9 7 5 ) .  T h e se  o b s e r v a t i o n s  
have f o s t e r e d  the b e l i e f  t h a t  th e  o n c o t i c  p r e s s u r e  o f  lymph f l u i d  i s  
r e p r e s e n t a t i v e  o f  t h a t  o f  t i s s u e  f l u i d .  The c o n c l u s i o n s  b a se d  on a lb um in  
a u t o r a d io g r a p h y  a r e  q u e s t i o n a b l e  s i n c e  th e  amount o f  a lb u m in  r e q u i r e d  f o r  
i n j e c t i o n  was a p p r o x im a t e ly  50 t im e s  th e  t o t a l  v a s c u l a r  a lb u m in  c o n t e n t .
Thus the o b s e r v a t i o n s  were made under g r o s s l y  abnorm al p h y s i o l o g i c a l  
c o n d i c i o n s .  A l s o ,  Che lymph o n c o C ic  p r e s s u r e  i s  a w e ig h c e d  a v e r a g e  b i a s e d  
i n  f a v o u r  o f  Chose r e g i o n s  w ic h  Che la r g e s C  neC f i l C r a C i o n  o f  f l u i d .
IC i s  d i f f i c u l C  t o  v i s u a l i z e  a s i n g l e  v a l u e  f o r  i n t e r s t i t i a l  f l u i d  
c o l l o i d  o s m o t ic  p r e s s u r e  i n  any t i s s u e .  The p r o t e i n  c o n c e n t r a t i o n  o f  the  
f i l t r a t e  from  the c a p i l l a r i e s  r a n g e s  from  0 . 2  t o  0 . 4  g . 1 0 0  m l " 1 (L a n d is  
and P ap p en h eim er , 1 9 6 3 )  and th e  p r o t e i n  c o n c e n t r a t i o n  o f  lymph f l u i d  
v a r i e s  from  a b o u t  2 g . 1 0 0  m l - 1  f o r  lo w e r  l im b  lymph t o  a p p r o x im a t e ly  
5 g . 1 0 0  ml 1 f o r  h e p a t i c  lym ph. R e c e n t  d i r e c t  m easurem ents h ave  shown 
t h a t  e x t r a v a s c u l a r  p r o t e i n s  a r e  n o t  e v e n l y  d i s t r i b u t e d  th ro u g h o u t  the  
i n t e r s t i t i a l  com p artm ents o f  t i s s u e s  ( W i t t e  and Z e n z e s - G e p r a g s , 1 9 7 7 ) .
A l th o u g h  i t  i s  p o s s i b l e  t o  c o l l e c t  t i s s u e  f l u i d  and t o  m easure th e  
c o l l o i d  o s m o t ic  p r e s s u r e  o f  the c o l l e c t e d  f l u i d  (A ukland and J o h n se n ,
1 9 7 4 ) ,  th e  m easured p r e s s u r e  w i l l  n o t  be the same a s  t h a t  w hich  would  
have b een  e x e r t e d  by th e  f l u i d  i n  th e  t i s s u e s .  T h i s  i s  b e c a u s e  the volume  
a v a i l a b l e  f o r  d i l u t i o n  o f  p r o t e i n  m o l e c u l e s  in  t i s s u e  i s  l e s s  th an  t h a t  
a v a i l a b l e  f o r  w a t e r .  The d i f f e r e n c e  i s  due to  the p r o p e r t i e s  o f  the
2.1
ground s u b s t a n c e  o f  th e  i n t e r s t i t i a l  s p a c e .  Ground s u b s t a n c e  c o n s i s t s  
o f  a c o n t in u o u s  netw ork  o f  p o ly s a c c h a r i d e  c h a in s  anch ored  by  c o l l a g e n  
f i b r e s .  In  l o o s e  c o n n e c t i v e  t i s s u e  th e  p red o m in a n t  p o l y s a c c h a r i d e  i s  
h y a l u r o n i c  a c i d .  The f i b r e  netw ork  i s  k e p t  expanded by th e  l a r g e  o s m o t ic  
f o r c e s  w hich a r e  g e n e r a te d  by h y a l u r o n i c  a c i d  and w a te r  i s  im b ib ed  t o  
form  a g e l .  L arge  m o l e c u l e s  a r e  e x c lu d e d  from  th e  g e l  m a t r i x .  T h u s ,  
b e c a u s e  o f  th e  n o n - l i n e a r  r e l a t i o n  b etw een  p r e s s u r e  and p r o t e i n  c o n c e n t r a t i o n ,  
th e  c o l l o i d  o s m o t ic  p r e s s u r e  o f  a lb u m i n -h y a l u r o n i c  a c i d  s o l u t i o n s  i s  
c o n s i d e r a b l y  g r e a t e r  th an  th e  sum o f  the p r e s s u r e s  o f  the i n d i v i d u a l  
co m p on en ts .  A t te m p ts  have b e e n  made t o  m easure the o n c o t i c  p r e s s u r e  
e x e r t e d  by t i s s u e s  and v a l u e s  o f  1 - 2 . 0  kPa were c la im e d  f o r  sa m p le s  o f  
r a b b i t  s k i n  (W ie d e r h ie lm  e t  a l ,  1 9 7 0 ) .
In  n o r m a l ly  h y d r a te d  t i s s u e  t h e r e  i s  no b u lk  f lo w  o f  l a r g e  m o l e c u l e s  
s i n c e  th e  r e s i s t a n c e  t o  f l o w  i s  v e r y  h ig h  (G uyton  e t  a l ,  1 9 6 6 ) .  For  
a lb u m in ,  i n t e r s t i t i a l  t r a n s p o r t  i s  e s s e n t i a l l y  d i f f u s i o n a l .  The r a t e  o f  
d i f f u s i o n  o f  a lb um in  i n  a h y a l u r o n i c  a c i d  s o l u t i o n  o f  c o n c e n t r a t i o n  s i m i l a r  
t o  t h a t  fou n d i n  t i s s u e s  i s  a b o u t  h a l f  th e  r a t e  o f  d i f f u s i o n  i n  f r e e  
s o l u t i o n  (L a u r e n t ,  1 9 6 6 ) .  The d i f f u s i o n  o f  low m o le c u la r  w e ig h t  s u b s t a n c e s  
i s  n o t  i n f l u e n c e d  by the h y a l u r o n i c  a c i d .  S in c e  ly m p h a tic  v e s s e l s  a re  
n o r m a l ly  o n ly  p r e s e n t  i n  th e  i n t e r s t i t i a l  sp a c e  s u r r o u n d in g  l a r g e r  v e s s e l s  
and a r e  n o t  s e e n  i n  th e  v i c i n i t y  o f  a l v e o l i  and c a p i l l a r i e s ,  i n t e r s t i t i a l  
f l u i d  i n  a l v e o l a r  s e p t a  may be r e l a t i v e l y  s t a t i o n a r y  and p r o t e i n  r i c h .  
C o n s e q u e n t ly  s m a l l  s h i f t s  i n  f l u i d  t r a n s f e r  c o u ld  m a rk e d ly  a f f e c t  
i n t e r s t i t i a l  c o l l o i d  o s m o t ic  p r e s s u r e .
As m e ntion ed  a b o v e ,  t i s s u e  h y a l u r o n i c  a c i d  g e n e r a t e s  an o s m o t ic  f o r c e ,  
a b o u t  0 . 7  kPa (G uyton e t  a l ,  1 9 7 1 ) ,  w hich  su ck s w a te r  i n t o  the g e l  m a t r i x  
and , i n  p a r t ,  c r e a t e s  the n e g a t i v e  i n t e r s t i t i a l  f l u i d  h y d r o s t a t i c  p r e s s u r e .
A w a te r  m o le c u le  o u t s i d e  b lo o d  v e s s e l s  i s  s u b j e c t e d  t o  t h i s  o s m o t ic  
p r e s s u r e  and t o  th e  r e s u l t a n t  o f  c a p i l l a r y  h y d r o s t a t i c ,  p lasm a  o n c o t i c  
and t i s s u e  f l u i d  o n c o t i c  p r e s s u r e s .  Added t o  th e s e  f o r c e s  in  th e  lu ng  
i s  th e  s u r f a c e  t e n s i o n  o f  th e  f l u i d  l i n i n g  th e  a l v e o l u s .
1 . 3 . 2 . 5  A l v e o l a r  P r e s s u r e
The g a s  p r e s s u r e  w i t h i n  an a l v e o l u s  f l u c t u a t e s  th ro u g h o u t  th e  
r e s p i r a t o r y  c y c l e .  D u rin g  norm al i n h a l a t i o n  the p r e s s u r e  i s  a b o u t  0 . 4  kPa 
b e lo w  a tm o s p h e r ic  p r e s s u r e .  When th e r e  i s  no a i r  f lo w  th e  p r e s s u r e s  a re  
e q u a l  and d u r in g  e x p i r a t i o n  a l v e o l a r  p r e s s u r e  i s  p o s i t i v e .  T h ese  p r e s s u r e  
f l u c t u a t i o n s  w i l l  i n f l u e n c e  d i r e c t l y  b o th  the s o l i d  t i s s u e  p r e s s u r e  and 
th e  h y d r o s t a t i c  p r e s s u r e s  i n  th e  i n t e r s t i t i a l  s p a c e .  F or  e x a m p le ,  when 
th e  lu n g s  were s u b j e c t e d  t o  p o s i t i v e  p r e s s u r e  b r e a t h i n g  t h e r e  was no 
change i n  th e  r a t e  o f  lymph f l o w  ( W o o lv e r t o n  e t  a l ,  1 9 7 3 )  . T h i s  r e s u l t  
was i n t e r p r e t e d  as show ing t h a t  th e  p o s i t i v e  a l v e o l a r  gas p r e s s u r e  
i n c r e a s e d  b o th  i n t e r s t i t i a l  f l u i d  and c a p i l l a r y  h y d r o s t a t i c  p r e s s u r e  
to  the same e x t e n t  s o  t h a t  the t r a n s c a p i l l a r y  p r e s s u r e  g r a d i e n t  was 
u n c h a n g e d .
A l v e o l i  a r e  l i n e d  w ith  a l i q u i d  w hich  c o u ld  e x e r t  a s u r f a c e  t e n s i o n  
o f  a b o u t  0 . 0 5  Nm” ^ ( t y p i c a l  a l v e o l a r  r a d i u s  =* 1 x  1 0 “4m ) . T h is  s u r f a c e  
t e n s i o n  would oppose th e  e x p a n s io n  o f  a l v e o l i  d u r in g  i n h a l a t i o n .  To 
red u ce  the work r e q u ir e d  t o  expand the l u n g ,  s u r f a c e  t e n s i o n  i s  low ered  
by s u r f a c t a n t  w hich i s  s e c r e t e d  by s p e c i f i c  c e l l s  w i t h i n  a l v e o l a r  s e p t a .  
W i t h o u t  s u r f a c t a n t  th e  gas p r e s s u r e  due t o  s u r f a c e  t e n s i o n  f o r c e s  w i t h i n  
a s m a l l  a l v e o l u s  would be g r e a t e r  than  t h a t  i n  a l a r g e  a l v e o l u s  (g a s  
p r e s s u r e  due t o  s u r f a c e  t e n s i o n  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  r a d i u s ) .
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Thus s u r f a c t a n t  a l s o  r e d u c e s  the te n d e n c y  o f  s m a l l  a l v e o l i  t o  c o l l a p s e  
i n t o  the l a r g e r  a l v e o l i .  F i n a l l y ,  s i n c e  s u r f a c e  t e n s i o n  f o r c e s  w i l l  su ck  
f l u i d  i n t o  th e  a l v e o l u s  from  th e  i n t e r s t i t i a l  s p a c e ,  s u r f a c t a n t  a l s o  h e l p s  
t o  keep  a l v e o l i  d r y .
1 , 4  Pulm onary B lo o d  Volume
The t o t a l  volume o f  b lo o d  w i t h i n  th e  pulm onary v a s c u l a r  com partm ent
i s  n o r m a l ly  betw een  7 and 15% o f  the t o t a l  b lo o d  v o lu m e .  Fishm an ( 1 9 7 6 )
s t a t e s  t h a t  the volume o f  b l o o d  w i t h i n  th e  lu ng  o f  a young a d u l t ,  i n  whom
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th e  gas  exch ange s u r f a c e  a r e a  i s  a b o u t  8 0  m , w i l l  be a b o u t  6 0 0  m l .  O nly  
a b o u t  o n e - s i x t h  o f  t h i s  volum e w i l l  be w i t h i n  c a p i l l a r y  v e s s e l s .
The f r a c t i o n  o f  th e  p ulm onary  b l o o d  volum e p r e s e n t  w i t h i n  e i t h e r  
a r t e r i e s ,  c a p i l l a r i e s  o r  v e i n s  has been  m easured i n  the dog (Wanner e t  a l ,  
1 9 7 8 ) .  I t  was fo u n d  t h a t  a p p r o x i m a t e ly  257, was i n  th e  a r t e r i e s ,  25% i n  
th e  c a p i l l a r i e s  and th e  rem a in d e r  i n  th e  v e i n s .  T hese f r a c t i o n s  w i l l  
change w ith  th e  d e g r e e  o f  lu n g  i n f l a t i o n  and w ith  e i t h e r  b lo o d  f l o w  or  
g r a v i t a t i o n a l  c h a n g e s .
In  p a t i e n t s  w ith  v a l v u l a r  or m y o c a r d ia l  h e a r t  d i s e a s e ,  and i n  norm al  
s u b j e c t s ,  pulm onary b l o o d  volum e te n d s  t o  i n c r e a s e  a s  l e f t  a t r i a l  mean 
p r e s s u r e  r i s e s .  T h is  i n c r e a s e  i s  a r e f l e c t i o n  o f  th e  r e c r u i t m e n t  o f  
v e s s e l s  due t o  th e  r a i s e d  i n t r a v a s c u l a r  p r e s s u r e .  However i n  p a t i e n t s  
w ith  c h r o n i c  l e f t  a t r i a l  h y p e r t e n s i o n ,  pulm onary b lo o d  volum e i s  e i t h e r  
norm al or subnorm al ( A u s t i n  e t  a l ,  1 9 7 6 ) .  T h i s  i s  th o u g h t  t o  b e  a 
r e s u l t  o f  v a s o c o n s t r i c t i o n ;  t h a t  i s ,  lu n g  c o m p lia n c e  i s  re d u c e d  to  such  
an e x t e n t  t h a t  some c a p i l l a r y  netw ork s a r e  n o t  p e r f u s e d  d e s p i t e  th e  h ig h  
a t r i a l  p r e s s u r e .  M i ln e  ( 1 9 7 8 )  h as  l i s t e d  th e  many o th e r  f a c t o r s  which  
w i l l  a f f e c t  pulm onary b lo o d  v o lu m e .
2 V
Pulmonary oedema i s  p r o b a b ly  b e s t  d e f i n e d  a s  an e x t e n s i o n  o f  the  
norm al f l u i d  t u r n o v e r  i n  the e x t r a v a s c u l a r  com partm ent o f  t h e  l u n g .  The 
r a t e  o f  t r a n s f e r  o f  f l u i d  o u t  o f  th e  v a s c u l a r  com partm ent i s  i n c r e a s e d  
a s  i s  lymph f l o w .  I f  th e  c a p a c i t y  o f  the pulm onary  ly m p h a t ic s  t o  remove  
i n t e r s t i t i a l  t r a n s u d a t e  i s  e x c e e d e d ,  f l u i d  w i l l  a c c u m u la te  w i t h i n  the  
i n t e r s t i t i a l  com partm ent ( i n t e r s t i t i a l  o e d e m a ) .  For  m e c h a n ic a l  r e a s o n s ,  
e x c e s s  i n t e r s t i t i a l  f l u i d  c o l l e c t s  f i r s t  away from  a l v e o l a r  s e p t a  and 
form s c u f f s  around b lo o d  v e s s e l s ,  ly m p h a t i c s  and t e r m i n a l  a i r w a y s .  T i s s u e  
h y d r o s t a t i c  p r e s s u r e  w i l l  r i s e .  E v e n t u a l l y  s u r f a c e  t e n s i o n  f o r c e s  i n  the  
f l u i d  l i n i n g  an a l v e o l u s  o v e r r i d e  th e  n e g a t i v e  i n t e r s t i t i a l  t i s s u e  p r e s s u r e  
and the a l v e o l u s  i s  f l o o d e d  ( a l v e o l a r  o e d e m a ) .
The m ost common c a u se  o f  p u lm onary  oedema i s  a r a i s e d  c a p i l l a r y  
h y d r o s t a t i c  p r e s s u r e  due t o  abnorm al c a r d i a c  f u n c t i o n .  In  i s o l a t e d  p e r f u s e d  
lu n g s  i t  h as  been shown t h a t  f l u i d  b e g in s  t o  t r a n s u d e  i n t o  the i n t e r s t i t i u m  
when c a p i l l a r y  p r e s s u r e  e x c e e d s  a b o u t  3 . 7  kPa (Gaar e t  a l ,  1 9 6 7 ) .  I t  was 
a l s o  shown t h a t  f l u i d  t r a n s u d a t i o n  o c c u r s  when the t r a n s c a p i l l a r y  p r e s s u r e  
g r a d i e n t  i s  i n c r e a s e d  t o  th e  same e x t e n t  by  a r e d u c t i o n  i n  c o l l o i d  o s m o t ic  
p r e s s u r e .  The o t h e r  m a jo r  c a u s e  o f  pulm onary oedema i s  an a l t e r e d  e p i t h e l i a l  
membrane p e r m e a b i l i t y .  T h ere  a r e  many o th e r  c a u s e s  o f  pulm onary oedema 
(R ob in  e t  a l ,  1 9 7 3 ) ,  some o f  w hich  c a n n o t  be c l a s s i f i e d  c o n v e n i e n t l y  as  
r a i s e d  p r e s s u r e  or  i n c r e a s e d  p e r m e a b i l i t y ,  s i n c e  a r a i s e d  h y d r o s t a t i c  
p r e s s u r e  can  s t r e t c h  c a p i l l a r y  p o r e s  l e a d i n g  t o  an i n c r e a s e d  p e r m e a b i l i t y .
Pulm onary oedema p r o d u c e s  a l t e r a t i o n s  i n  lu ng  s t r u c t u r e  and f u n c t i o n  
which i n  tu rn  le a d  t o  a b n o r m a l i t i e s  i n  th e  d e l i v e r y  o f  oxygen  t o  t i s s u e s .
The e f f i c i e n c y  o f  v e n t i l a t i o n  f a l l s  a s  lu n g  volum e and lu n g  e l a s t i c i t y  are  
red u ced  by the abnorm al a c c u m u la t io n s  o f  f l u i d .  In  more s e v e r e  oedema,
1 .5  Pulmonary Oedema
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a l v e o l i  a r e  f l o o d e d ;  lu n g  c o m p lia n c e  and v i t a l  c a p a c i t y  a r e  f u r t h e r  
r e d u c e d .  The r i s i n g  i n t e r s t i t i a l  p r e s s u r e  i n c r e a s e s  r e s i s t a n c e  t o  b lo o d  
f l o w ;  c a p i l l a r y  h y d r o s t a t i c  p r e s s u r e  r i s e s  f u r t h e r .  S m a ll  a ir w a y s  a r e  
s u b j e c t e d  t o  th e  i n c r e a s e d  t i s s u e  p r e s s u r e  and th e r e  may be n a r r o w in g ,  
o b s t r u c t i o n  or p rem atu re  c l o s u r e  o f  t h e s e  t e r m i n a l  a i r w a y s .  A l l  o f  th e s e  
f a c t o r s  com bine t o  produce  c e l l u l a r  h y p o x ia  l e a d i n g  t o  d i s t u r b a n c e s  i n  
c e l l u l a r  f u n c t i o n .
1 . 5 . 1  E l e c t r o n  M ic r o g r a p h s  i n  Pulm onary Oedema
F i g u r e  1 . 9  shows an e l e c t r o n  m ic r o g r a p h  o f  lu n g  t i s s u e  ta k e n  from  
an a n im a l  i n  w hich  oedema had b een  p rod u c ed  by r a i s i n g  c a p i l l a r y  p r e s s u r e  
( C o t t r e l l  e t  a l ,  1 9 6 7 ) .  The a n im a l  had b e e n  i n j e c t e d  w i t h  th oriu m  d i o x i d e  
p a r t i c l e s  ( T h o r o t r a s t )  o f  a b o u t  0 . 7  Jim i n  d i a m e t e r .  T h o r o t r a s t  can  be  
s e e n  a s  e l e c t r o n  opaque p a r t i c l e s  i n  f i g u r e  1 . 9  which a r e  c o n f i n e d  t o  the  
v a s c u l a r  com partm ent (CAP) and a r e  n o t  p r e s e n t  i n  th e  oedem atous i n t e r s t i t i a l  
sp a c e  ( I S ) .  F i g u r e  1 . 1 0  shows an e l e c t r o n  m ic r o g r a p h  ta k e n  from  a s i m i l a r  
a n i m a l .  A w idened i n t e r s t i t i a l  sp a c e  and d i s p e r s i o n  o f  c o l l a g e n  f i b r i l s  
(com pare w it h  f i g u r e  1 . 5 )  ca n  be s e e n .  Thus c o l l a g e n  c o n t a i n i n g  a r e a s  
a p p a r e n t l y  a c t  a s  r e s e r v o i r s  f o r  e x c e s s  i n t e r s t i t i a l  f l u i d .  I t  would be  
i n t e r e s t i n g  t o  know w h eth er  or n o t  lymph f l o w  i s  i n c r e a s e d  a t  t h i s  s t a g e .
I f  lymph f l o w  i n c r e a s e s  o n l y  a f t e r  th e  c o l l a g e n  r e s e r v o i r s  o v e r f l o w ,  then  
lu n g  t i s s u e  w a te r  c o n t e n t  ( i . e .  d e n s i t y )  w ould r i s e  b e f o r e  lymph f l o w .
The t h i n n e s t  p o r t i o n s  o f  th e  sep tu m , which i n c i d e n t a l l y  do n o t  c o n t a i n  
c o l l a g e n ,  were n o t  e n l a r g e d .  D i f f u s i o n  a c r o s s  th e  a i r - b l o o d  b a r r i e r  i s  
n o t  com prom ised s e v e r e l y  i n  oedema due t o  h ig h  c a p i l l a r y  h y d r o s t a t i c  
p r e s s u r e .  R a t h e r ,  m e t a b o l i c  p ro b le m s  a re  due t o  th e  d e c r e a s e d  c o m p lia n c e  
and the red u ced  volum e o f  th e  lu n g s  a s  d e s c r i b e d  a b o v e .  G e n e r a l l y ,
FIGURE 1 . 9 .  E l e c t r o n  m ic r o g r a p h  o f  lu n g  t i s s u e  sh ow in g  oedema due t o
a r a i s e d  c a p i l l a r y  h y d r o s t a t i c  p r e s s u r e  ( C o t t r e l l  e t  a l ,  1 9 6 7 ) .
FIGURE 1 . 1 0 .  E l e c t r o n  m ic r o g r a p h  o f  i n t e r s t i t i a l  s p a c e  i n  oed em atou s  
lu n g  t i s s u e  ( C o t t r e l l  e t  a l ,  1 9 6 7 ) .
c a p i l l a r i e s  s e e n  on e l e c t r o n  m ic r o g r a p h s  o f  oedem atous lu n g  t i s s u e  have  
a l a r g e r  lu m i n a l  s p a c e  around red  c e l l s  (com pare f i g u r e s  1 . 9  and 1 . 1 0  
w i t h  f i g u r e s  1 . 4  and 1 . 5 ) .  T h i s  s u g g e s t s  t h a t  v e s s e l s  a re  d i s t e n d e d  
and t h a t  pulm onary b lo o d  volum e i s  i n c r e a s e d .
When e n d o t h e l i a l  and e p i t h e l i a l  membranes have been  damaged, e x c e s s  
f l u i d  i s  n o t  r e s t r i c t e d  t o  th e  c o l l a g e n  c o n t a i n i n g  a r e a s  o f  th e  i n t e r ­
s t i t i a l  sp a ce  b u t  i s  a l s o  fou n d i n  p o r t i o n s  o f  the sep tu m . A lth o u g h  
red c e l l s  n o r m a l ly  e s c a p e  fro m  the v a s c u l a r  com partm ent and a r e  found  
i n  the i n t e r s t i t i a l  s p a c e ,  v a s c u l a r  m a rk ers  such as T h o r o t r a s t  c o u ld  
n o t  be found i n  i n t e r s t i t i a l  t i s s u e  ta k e n  from  a n im a ls  s u f f e r i n g  from  
oedema due t o  a h ig h  c a p i l l a r y  p r e s s u r e  ( C o t t r e l l  e t  a l ,  1 9 6 7 )  . C o n f u s i n g l y ,  
v a s c u l a r  m arkers  were a l s o  r e t a i n e d  i n  oedema due t o  i n c r e a s e d  p e r m e a b i l i t y  
d e s p i t e  th e  f a c t  t h a t  p in k  f r o t h y  sputum was e v i d e n t .
1 . 5 . 2  D i a g n o s i s  o f  Pulm onary Oedema
C l i n i c a l  s i g n s  o f  pulm onary oedema a r e  e v i d e n t  o n ly  a t  an advanced  
s t a g e  o f  the d i s e a s e .  Some o f  t h e s e  s i g n s  a re  an i n c r e a s e d  r e s p i r a t o r y  
r a t e ,  d y s p n e a ,  f i n e  c r e p i t a t i o n s  and a f r o t h y  sputum . G e n e r a l l y ,  the  
d i a g n o s i s  i s  b a se d  on the i d e n t i f i c a t i o n  o f  a b n o r m a l i t i e s  o b s e r v e d  on 
a c h e s t  r a d io g r a p h  ( P i s t o l e s i  and G i u n t i n i ,  1 9 7 8 ) .  X - r a y  s i g n s  o f  a 
r a i s e d  pulm onary ven ou s  p r e s s u r e ,  the p r e c u r s o r  o f  oedema, i n c l u d e  ven ou s  
d i l a t a t i o n  and a r e d i s t r i b u t i o n  o f  th e  f l o w  o f  b lo o d  which i s  n o r m a l ly  
g r e a t e s t  a t  the lu ng  b a s e s .  Oedema i t s e l f  may be e v i d e n t  a s  a b l u r r i n g  
o f  b lo o d  v e s s e l s  or  may a p p e a r  as  a f l u i d  c u f f  around a v e s s e l .  In  
p a r t i c u l a r ,  b r o n c h i a l  v e s s e l s  may show such c u f f s  b e c a u s e  o f  th e  h ig h  
c o n t r a s t  b etw een  th e  f l u i d  a n n u lu s  and the c e n t r a l  a i r  s p a c e .
O th er  x - r a y  s i g n s  o f  f l u i d  a c c u m u la t io n  a re  the s o - c a l l e d  K e r le y  
l i n e s .  T h ese  a re  the c h a r a c t e r i s t i c  p a t t e r n s  form ed by i n t e r l o b u l a r
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s e p t a  w hich a re  th ic k e n e d  by an i n c r e a s e d  c o n t e n t  o f  i n t e r s t i t i a l  f l u i d .
F i g u r e  1 . 1 1  shows the p r e -  and p o s t - t r e a t m e n t  r a d io g r a p h s  o f  a p a t i e n t  
who was s u f f e r i n g  from  pulm onary oedema. K e r l e y ’ s A l i n e s  a r e  v i s i b l e  
i n  the upper t h o r a x  a n d , w it h  th e  e y e  o f  f a i t h ,  B l i n e s  can  be s e e n  in  
th e  r i g h t  c o s t a p h r e n i c  a n g l e .  T here i s  a l s o  a s t r i k i n g  p e r i h i l a r  h aze  
i n  th e  p r e - t r e a t m e n t  r a d i o g r a p h .  F i g u r e  1 . 1 2  shows th e  l a t e r a l  x - r a y s  
o b t a i n e d  from  the same p a t i e n t .  On b o t h ,  t h e r e  i s  a band o f  i n c r e a s e d  
d e n s i t y  due t o  s u b p l e u r a l  oedema l i n i n g  one o f  th e  m a jo r  f i s s u r e s .  The 
p r e - t r e a t m e n t  band i s  n o t i c e a b l y  t h i c k e r .  F ig u r e  1 . 1 3  shows K e r l e y ' s  C 
l i n e s  which a ppear  a s  a " s p i d e r w e b "  or r e t i c u l a r  p a t t e r n .  The d i f f e r e n t  
a p p e a r a n c e s  o f  th e  K e r l e y  l i n e s  a r e  due t o  a n a t o m ic a l  v a r i a t i o n s  o f  
c o n n e c t i v e  t i s s u e  s e p t a  i n  the u pper and low er  p o r t i o n s  o f  the l u n g s .
The C l i n e s  a r e  th ou g h t  t o  r e p r e s e n t  a s u p e r p o s i t i o n  o f  many t h ic k e n e d  
s e p t a  (H e itz m a n , 1 9 7 3 ) .  U n f o r t u n a t e l y ,  x - r a y s  a re  n o t  p a r t i c u l a r l y  
v a l u a b l e  f o r  th e  e a r l y  d e t e c t i o n  o f  pulm onary  oedema b e c a u s e  th e r e  i s  a 
t im e d e l a y  b etw een  th e  o n s e t  o f  th e  abnorm al p r o c e s s  and th e  ap p eara n ce  
o f  r a d i o l o g i c a l  s i g n s .  A d e t a i l e d  d i s c u s s i o n  o f  m ethods f o r  the e x t r a c t i o n  
o f  i n f o r m a t i o n  c o n c e r n in g  c a r d io p u lm o n a r y  p h y s i o l o g y  from  th e  c h e s t  x - r a y  
has been  p r e s e n t e d  by  M i ln e  ( 1 9 7 8 ) .
I t  h as  b een  s u g g e s t e d  t h a t  e x t r a v a s c u l a r  w a ter  volum e w i t h i n  the  
lu n g  can  be m easured i n  v i v o  u s in g  a d o u b le  i n d i c a t o r  d i l u t i o n  t e c h n iq u e  
(C h in a r d ,  1 9 7 5 ;  G o re sk y  e t  a l ,  1 9 7 8 ) .  The t e c h n iq u e  i s  b a se d  on the  
m easurem ent d u r in g  one c i r c u l a t o r y  p a s s a g e  o f  th e  d i f f e r e n c e  b etw een  th e  
volu m es o f  d i l u t i o n  o f  an i n t r a v a s c u l a r  m arker and a m arker w hich i s  
f r e e l y  d i f f u s i b l e  i n t o  the t o t a l  w a te r  sp a c e  o f  the l u n g .  T h i s  measurem ent  
w o u ld , by d e f i n i t i o n ,  be a m easure o f  the d e g r e e  o f  pulm onary oedem a.
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FIGURE 1 . 1 1 .  P r e -  and p o s t - t r e a t m e n t  
x - r a y s  o f  a p a t i e n t  s u f f e r i n g  from  
pulmonary oedema. K e r le y  A and B 
l i n e s  can be seen on the p r e - t r e a t m e n t  
x - r a y  (H eitzm an, 1 9 7 3 ) .
FIGURE 1 . 1 2 .  P r e -  and p o s t - t r e a t m e n t  
l a t e r a l  x - r a y s  o f  the same p a t i e n t  
as in  f i g u r e  1 .1 1  (H eitzm an , 1 9 7 3 ) .
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FIGURE 1 . P r e -  and p o s t - t r e a t m e n t  x - r a y s  o f  a p a t i e n t  s u f f e r i n g  from  
p u lm onary  oedema. K e r l e y  C l i n e s  can be se e n  on t h e  p r e -  
t r e a t m e n t  x - r a y  (H e i tz m a n ,  1 9 7 3 ) .
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Many v a r i a t i o n s  have b een  p r o p o s e d  w i t h  r e s p e c t  to  the i n d i c a t o r s  u s e d ,  
th e  m ethods o f  d e t e c t i o n  a p p l i e d  and th e  t e c h n iq u e s  o f  a n a l y s i s  a d v o c a t e d .  
U n f o r t u n a t e l y ,  th e  b a s i c  p r e m is e  o f  th e  method s u f f e r s  from  th e  d i s ­
a d v a n ta g e  t h a t  the i n d i c a t o r s  ca n  o n ly  p e r f u s e  t h o s e  c a p i l l a r i e s  which  
a r e  p a t e n t .  E x t r a v a s c u l a r  w a te r  around c l o s e d  v e s s e l s  c a n n o t  be l a b e l l e d  
i n  a s i n g l e  c i r c u l a t o r y  p a s s a g e ;  th u s  o n l y  some 5 0 -6 0 %  o f  th e  e x t r a v a s c u l a r  
w a te r  volum e i s  m e a s u r e d .  The r e p r o d u c i b i l i t y  o f  th e  method i s  o n ly  a b o u t  
10% s i n c e  i t  i s  d e p e n d e n t  upon such  f a c t o r s  a s  p o s t u r e  and a r t e r i a l  
p r e s s u r e .  I n d i c a t o r  d i l u t i o n  m easu rem ents  o f  e x t r a v a s c u l a r  w a te r  volume  
can show a r i s e  when no r e a l  i n c r e a s e  h as  tak e n  p l a c e .  V e s s e l  r e c r u i t m e n t  
a lo n e  w i l l  p rod u c e  an a p p a r e n t  e x p a n s i o n  s i n c e  a g r e a t e r  f r a c t i o n  o f  the  
t o t a l  lu n g  w a te r  sp a c e  w i l l  be a c c e s s i b l e  t o  th e  w a te r  m a r k e r .  I t  has  
b een  shown t h a t  an i n c r e a s e  i n  e x t r a v a s c u l a r  w a te r  o f  up t o  42% can  be  
m easured  b e f o r e  i t  i s  c e r t a i n  t h a t  an abn orm al i n c r e a s e  h as  o c c u r r e d  
( E l l i s  and M u rray , 1 9 7 5 ) .  To a v o id  th e  i n j e c t i o n  o f  i n d i c a t o r s  and the  
e x t r a c t i o n  o f  s a m p le s  th ro u gh  c a t h e t e r s ,  and t o  o b t a i n  r e g i o n a l  i n f o r m a t i o n ,  
t e c h n i q u e s  h ave  b een  d e v e lo p e d  u s i n g  gamma r a y  e m i t t i n g  i s o t o p e s  and e x t e r n a l  
r a d i a t i o n  d e t e c t o r s  (J o n e s  e t  a l ,  1 9 7 6 ) .
V a r i o u s  pulm onary s t r u c t u r e s  and v e s s e l s  ca n  be imaged i n  com puter  
a s s i s t e d  tom ographs (CAT s c a n s )  o f  the t h o r a x  (W egener e t  a l ,  1 9 7 8 ) .
H ow ever, e v e n  w ith  s t r i c t  c o n t r o l  o f  th e  m easurem ent and e v a l u a t i o n  
p r o c e d u r e s ,  mean v a l u e s  o f  H o u n s f i e l d  numbers f o r  grou p s  o f  2 0 0  p i x e l s  
s e l e c t e d  from  29 norm al s c a n s  v a r i e d  from  - 6 2 0  t o  - 8 5 0  (R osenblum  e t  a l ,  
1 9 7 8 ) .  On t h i s  s c a l e  w a te r  and a i r  w ould  have v a l u e s  o f  0 and - 1 0 0 0  
r e s p e c t i v e l y .  I t  was shown i n  t h r e e  c h i l d r e n  t h a t  the H o u n s f i e l d  number 
was above  t h i s  ran ge  w hereas  i n  f o u r  p a t i e n t s  s u f f e r i n g  from  emphysema,  
v a l u e s  o f  - 8 5 0  t o  - 9 3 0  were f o u n d .  The o b v io u s  d i s a d v a n t a g e s  o f  CAT
s c a n n in g  w ould be i t s  h ig h  c o s t ,  h ig h  r a d i a t i o n  d o se  and the d i f f i c u l t i e s  
a s s o c i a t e d  w i t h  th e  e n f o r c e d  movement o f  s i c k  p a t i e n t s ,  t y p i c a l l y  from  
an i n t e n s i v e  c a r e  u n i t ,  t o  th e  s c a n n e r .
The i n t e r a c t i o n  b etw een  m icrow ave r a d i a t i o n  o f  a few  c e n t i m e t e r s  i n  
w a v e le n g th  and t i s s u e s  depends upon the g e om etry  and p e r m i t t i v i t y  o f  the  
t i s s u e s .  A  change i n  th e  w a te r  c o n t e n t  o f  lu n g  t i s s u e  w i l l  a l t e r  the  
s t r e n g t h  o f  i n t e r a c t i o n  betw een  the e l e c t r i c  f i e l d  o f  the r a d i a t i o n  and  
c h a r g e s  i n  t i s s u e .  B ragg  e t  a l  ( 1 9 7 7 )  have shown t h a t  th e  a m p lit u d e  o f  
m icrow ave r e f l e c t i o n s  from  th e  lu n g  o f  a dog p a r a l l e l l e d  c h a n ge s  i n  l e f t  
a t r i a l  p r e s s u r e .  H ow ever, i n  human v o l u n t e e r s  a number o f  p ro b le m s such  
as c h e s t  w a l l  m o t io n  and s u p e r f i c i a l  t i s s u e  r e f l e c t i o n s  masked any ch a n ge s  
w hich were t o  be e x p e c t e d  fro m  c h a n g e s  i n  th e  w a te r  c o n t e n t  o f  d eep er  
lu n g  t i s s u e s .
The p e n e t r a t i o n  o f  u l t r a s o u n d  i n t o  lu n g  t i s s u e  i s  l i m i t e d  by  
r e f l e c t i o n s  a t  a i r - t i s s u e  i n t e r f a c e s  and by a t t e n u a t i o n  i n  a i r .  Hendin  
( 1 9 7 5 )  showed t h a t  th e  p e n e t r a t i o n  o f  u l t r a s o u n d  i n c r e a s e d  a s  the w ater  
c o n t e n t  o f  a sponge was i n c r e a s e d .  A l s o ,  i n  p o s t -m o r te m  s p e c im e n s ,  he 
showed t h a t  th e  t r a n s m i s s i o n  o f  u l t r a s o u n d  th rou gh  th e  lu n g s  d e c r e a s e d  
a p p r o x im a t e ly  l o g a r i t h m i c a l l y  a s  th e  l e v e l  o f  t i s s u e  i n f l a t i o n  was i n c r e a s e d .
A t t e m p t s  have b een  made t o  r e l a t e  the volum e o f  f l u i d  w i t h i n  th e  
lu n g  t o  th e  e l e c t r i c a l  im pedance o f  th e  lu n g  and th e  t h o r a c i c  w a l l  c o m b in e d .  
U n f o r t u n a t e l y ,  the method w i l l  n o t  d i s t i n g u i s h  b etw een  e x t r a v a s c u l a r  and 
i n t r a v a s c u l a r  ch a n ges  i n  f l u i d  v o lu m e .  In  a d d i t i o n ,  t r u e  lu n g  impedance  
w i l l  be u n d e r e s t im a t e d  b e c a u s e  o f  the low im pedance o f  th e  t h o r a c i c  w a l l  
and th e  m easurem ent w i l l  be d e p e n d e n t  on lu n g  volum e ( S t a u b ,  1 9 7 4 ) .
S e v e r in g h a u s  e t  a l  ( 1 9 7 2 )  have shown t h a t  an impedance te c h n iq u e  had a b o u t  
o n e - f i f t h  the s e n s i t i v i t y  o f  th e  i n d i c a t o r - d i l u t i o n  m e th od .
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In  a g iv e n  p a t i e n t  s u f f e r i n g  from  a g iv e n  d i s e a s e  i t  i s  n e c e s s a r y  
t o  be a b l e  t o  q u a n t i t a t e  the s t a g e  o f  th e  d i s e a s e  so  t h a t  d e c i s i o n s  can  
be made c o n c e r n in g  th e  v i g o u r  w i t h  w hich  t h e r a p e u t i c  m e asu re s  m ust be  
a p p l i e d  and s o  t h a t  th e  e f f e c t i v e n e s s  o f  t r e a t m e n t  ca n  be m e a s u r e d .  The 
s u b j e c t i v e  n a tu r e  o f  many and th e  l a c k  o f  p r e c i s i o n  o f  m ost o f  the t e s t s  
f o r  the d i a g n o s i s  o f  pulm onary oedema mean t h a t  an o b j e c t i v e  e v a l u a t i o n  
o f  the t im e c o u r s e  o f  the d ev e lop m e n t  and s u b s e q u e n t  tr e a t m e n t  o f  the  
d i s e a s e  i s  d i f f i c u l t .  T h ere  i s  a demand f o r  o t h e r  more r e l i a b l e  means 
o f  i n v e s t i g a t i o n .
The i n i t i a l  se q u e n ce  o f  e v e n t s  i n  the f o r m a t i o n  o f  pulm onary  oedema 
would ap p ear  t o  be an i n c r e a s e  i n  th e  n e t  f i l t r a t i o n  o f  f l u i d  from  the
v a s c u l a r  com p artm en t,  f o l l o w e d  by an a c c u m u la t io n  o f  i n t e r s t i t i a l  w a ter
and an i n c r e a s e  i n  th e  r a t e  o f  lu n g  lymph f l o w .  I t  i s  t h e s e  p h y s i o l o g i c a l  
p r o c e s s e s  upon w hich d i a g n o s t i c  t e s t s  f o r  th e  e a r l y  d e t e c t i o n  o f  pulm onary  
oedema m ust be b a s e d .
I t  has been  shown ( P r i c h a r d  and L e e ,  1 9 7 9 )  t h a t  i t  i s  p o s s i b l e  i n
the dog t o  m easure b o th  th e  volum e o f  w a te r  and the d i s t r i b u t i o n  o f  t h a t
w a te r  betw een  the v a s c u l a r  and i n t e r s t i t i a l  com partm ent by e x t e r n a l  
125d e t e c t i o n  o f  I  l a b e l l e d  m a r k e r s .  The t r a n s c a p i l l a r y  f l u x  o f  a lb u m in  
was a l s o  m e a su r e d .  The method was shown t o  b e  v a l i d  i n  open c h e s t e d  dogs
i n  which th e  lu n g  was s h i e l d e d  by le a d  f o i l  t o  a v o id  i n t e r f e r e n c e s  from
r a d i o i s o t o p e  i n  o t h e r  t i s s u e s .  I t  may be p o s s i b l e ,  u s i n g  a p p r o p r i a t e  
p r o c e d u r e s  f o r  a t t e n u a t i o n  c o r r e c t i o n s ,  t o  d e v e lo p  t h i s  te c h n iq u e  i n t o  
a n o n - i n v a s i v e  method f o r  man.
The measurem ent o f  th e  f r a c t i o n a l  w a te r  c o n t e n t  o f  lu n g  t i s s u e  c o u ld  
be b a s e d  upon th e  a p p l i c a t i o n  o f  a p h y s i c a l  p r o c e s s  i n  w hich th e  e x t e n t
1.6  Discussion
o f  an i n t e r a c t i o n  i s  m o d u la te d  by  t i s s u e  w a te r  c o n t e n t .  T h i s  i s  th e  
b a s i s  f o r  th e  a p p l i c a t i o n  o f  m icrow ave r a d i a t i o n ,  u l t r a s o u n d ,  i n d i c a t o r s  
and i o n i z i n g  r a d i a t i o n .  W ith  th e  p o s s i b l e  e x c e p t i o n  o f  CAT s c a n n i n g ,  no 
method h as  y e t  f u l f i l l e d  i t s  i n i t i a l  e x p e c t a t i o n s .
An e x p a n s io n  o f  th e  i n t e r s t i t i a l  s p a c e  would i n c r e a s e  th e  f r a c t i o n a l  
w a te r  c o n t e n t ,  t h a t  i s  th e  d e n s i t y ,  o f  lu n g  t i s s u e .  The e x t e n t  t o  w hich  
gamma r a y s  i n t e r a c t  w ith  an o b j e c t  i s ,  i n  p a r t ,  a f u n c t i o n  o f  th e  d e n s i t y  
o f  the o b j e c t .  In  C h a p te r  2 ,  th e  m echanism s o f  i n t e r a c t i o n  o f  gamma r a y s  
w it h  m a t t e r  a r e  r e v ie w e d ;  th e  a n a l y t i c a l  p o t e n t i a l  o f  ea ch  i n t e r a c t i o n  
p r o c e s s  i s  e x p l o r e d  and th e  a p p l i c a t i o n  o f  th e  te c h n iq u e  o f  Compton s c a t t e r  
d e n s i t o m e t r y  t o  th e  m easurem ent o f  lu n g  d e n s i t y  i s  ex am in ed .
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THEORETICAL FOUNDATION OF GAMMA RAY SCATTERING MEASUREMENTS OF DENSITY
3.5
Gamma r a y s  i n t e r a c t ,  i n  s i n g l e  e v e n t s ,  e i t h e r  w ith  w hole atom s or  
w ith  th e  c o n s t i t u e n t  e l e c t r o n s  or n u c l e i  o f  a to m s .  The p r o b a b i l i t y  t h a t  
a p a r t i c u l a r  typ e  o f  i n t e r a c t i o n  w i l l  tak e  p l a c e  depends upon th e  en e rg y  
o f  th e  gamma ra y  and the a to m ic  number and d e n s i t y  o f  the m a t e r i a l  
i r r a d i a t e d .  The i n t e r a t i o n  p r o c e s s e s  w hich a re  p o s s i b l e  have been  
t a b u l a t e d  (S i e g b a h n ,  1 9 6 5 ) .
Each i n t e r a c t i o n  p r o c e s s  can  be c o n s i d e r e d  e i t h e r  a s  an a b s o r p t i o n  
or as  a s c a t t e r i n g  e v e n t .  In  the f o r m e r ,  the gamma r a y  d i s a p p e a r s  and 
i t s  e n e r g y  i s  c o n v e r t e d  i n t o  k i n e t i c  e n e r g y  o f  p a r t i c l e s .  In  the l a t t e r ,  
th e  gamma r a y  i s  d e f l e c t e d .  B oth  t y p e s  o f  e v e n t  c o n t r i b u t e  t o  th e  
a t t e n u a t i o n  o f  a beam o f  gamma r a y s  when a t t e n u a t i o n  i s  m easured w ith  
a w e l l  c o l l i m a t e d  d e t e c t o r .
When an o b j e c t  i s  i r r a d i a t e d  w ith  a beam o f  gamma r a y s  the p r o b a b i l i t y  
p er  u n i t  p a th  l e n g t h  t h a t  a p h o to n  w i l l  i n t e r a c t  i s  g i v e n  by th e  l i n e a r  
a t t e n u a t i o n  c o e f f i c i e n t ,  p., o f  the o b j e c t .  S in c e  th e  i n t e r a c t i o n  p r o c e s s e s  
a c t  i n d e p e n d e n t ly  o f  each  o t h e r ,  t h i s  c o e f f i c i e n t  can be e x p r e s s e d  a s  a 
sum o f  c o e f f i c i e n t s ,  ea ch  o f  which c o r r e s p o n d s  to  one p a r t i c u l a r  p r o c e s s .  
F or  the e n e r g y  r e g i o n  o f  c o n c e r n  i n  t h i s  t h e s i s  ( 3 0 - 1 5 0  k e V ) , th e  r e l e v a n t  
p r o c e s s e s  a re  c o h e r e n t  s c a t t e r i n g ,  p h o t o e l e c t r i c  a b s o r p t i o n  and Compton 
s c a t t e r i n g .  Thus the l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  can  be w r i t t e n  as
/  “  / c o h  +  / p h o t o  *  .Hincoh 2 .1 .
where / c o ^» / p h o t o  a n d / i n c o h  a re  Parti>a  ^ l i n e a *“ a t t e n u a t i o n  c o e f f i c i e n t s  
o r  p r o b a b i l i t i e s  per  u n i t  p a th  l e n g t h  t h a t  a p h oton  w i l l  u n d ergo  e i t h e r  a 
c o h e r e n t ,  a p h o t o e l e c t r i c  or a Compton i n t e r a c t i o n  r e s p e c t i v e l y .
2 .1  In teractions of Gamma Rays with Matter
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The t o t a l  and e a c h  p a r t i a l  c o e f f i c i e n t  can  be e x p r e s s e d  i n  term s  
o f  an a to m ic  c r o s s  s e c t i o n ,  6 , by  th e  r e l a t i o n
u -  6  N0 /a 2 . 2 .
A
where N0 i s  A v a g a d r o 's  number, A i s  th e  a to m ic  mass and i s  th e  d e n s i t y .
9 -1The u n i t s  o f  the a to m ic  c r o s s  s e c t i o n  a r e  cm .atom  .
2 . 2  P h o t o e l e c t r i c  A b s o r p t i o n
In  a p h o t o e l e c t r i c  i n t e r a c t i o n ,  a gamma ray  i s  a b so r b e d  and i t s  
e n e r g y  i s  t r a n s f e r r e d  d i r e c t l y  to  a bound e l e c t r o n .  The e l e c t r o n  i s  
e j e c t e d  from  th e  atom w ith  a k i n e t i c  e n e r g y  e q u a l  t o  th e  d i f f e r e n c e  
b etw een  th e  p h oto n  e n e r g y  and the b i n d i n g  e n e r g y  o f  the e l e c t r o n  i n  th e  
a to m . Such i n t e r a c t i o n s  ca n n o t  t a k e  p l a c e  betw een  a gamma r a y  and a 
f r e e  e l e c t r o n  s i n c e  th e  s im u lta n e o u s  c o n s e r v a t i o n  o f  b o th  e n e r g y  and 
momentum i s  n o t  p o s s i b l e ;  the p r e s e n c e  o f  th e  atom i s  n e c e s s a r y  so  t h a t  
th e  b a la n c e  o f  the momentum can  be ta k e n  up by th e  r e s i d u a l  i o n .  In  
g e n e r a l ,  t h e o r i e s  o f  p h o t o e l e c t r i c  i n t e r a c t i o n s  ( S i e g b a h n ,  1 9 6 5 )  p r e d i c t  
t h a t ,  a t  a g iv e n  e n e r g y ,  th e  c r o s s  s e c t i o n  p e r  atom v a r i e s  w ith  a b o u t  
the f i f t h  power o f  th e  a to m ic  number o f  th e  a b s o r b e r  m a t e r i a l .  F o r  a 
g iv e n  m a t e r i a l ,  the c r o s s  s e c t i o n  f a l l s  r a p i d l y  w ith  i n c r e a s i n g  e n e r g y .  
T h e s e  a to m ic  number and e n e r g y  d e p e n d e n c ie s  a r e  exam ined f u r t h e r  in  
S e c t i o n  2 . 5 . 1 .
2 . 3  S c a t t e r i n g  o f  Gamma Rays fro m  F r e e  E l e c t r o n s
The b i n d i n g  o f  e l e c t r o n s  w i t h i n  atom s c o m p l i c a t e s  th e  d e r i v a t i o n  o f  
t h e o r i e s  t o  e x p l a i n  th e  b e h a v io u r  o f  gamma r a y s  which a r e  s c a t t e r e d  from  
e l e c t r o n s .  In  t h i s  s e c t i o n ,  b o th  the c l a s s i c a l  and quantum t h e o r i e s  o f  
gamma ray  s c a t t e r i n g  from  f r e e  e l e c t r o n s  a re  c o n s i d e r e d .  The m o d i f i c a t i o n s  
n e c e s s a r y  t o  a c c o u n t  f o r  the e f f e c t s  o f  e l e c t r o n  b i n d i n g  a r e  d e s c r i b e d  
i n  S e c t i o n  2 . 4 .
r a d i a t i o n  and f r e e  e l e c t r o n s  c o n s i d e r s  t h a t  ea c h  e l e c t r o n  r e s p o n d s  to
th e  f o r c e  produced  on i t  by the e l e c t r i c  v e c t o r  o f  an e l e c t r o m a g n e t i c
w ave. The e l e c t r o n  o s c i l l a t e s  w ith  th e  same f r e q u e n c y  as t h a t  o f  the
i n c i d e n t  r a d i a t i o n  and e m it s  s c a t t e r e d  r a d i a t i o n  o f  the same e n e r g y .
T h i s  i s  c o h e r e n t  or  Thomson s c a t t e r i n g .
T h is  m odel i s  r e a l i s t i c  o n l y  when t h r e e  c o n d i t i o n s  a re  s a t i s f i e d .
The a to m ic  number o f  the m a t e r i a l  i r r a d i a t e d  must be s m a l l  so  t h a t  the
e l e c t r o n s  a re  e f f e c t i v e l y  f r e e .  The w a v e le n g th  o f  th e  r a d i a t i o n  must
-8be s h o r t e r  th an  the c h a r a c t e r i s t i c  s i z e  o f  atom s (of 10  cm) s o  t h a t
th e  i n t e r a c t i o n  i s  w ith  th e  e l e c t r o n  r a t h e r  th an  th e  w hole a to m . T h i s
means t h a t  th e  i n c i d e n t  e n e r g y  m ust be c o n s i d e r a b l y  g r e a t e r  than a b ou t
10 k e V .  On th e  o t h e r  h an d , th e  e n e r g y  m ust be s m a l l  in  c o m p arison  w ith
the r e s t  m ass e n e r g y  o f  th e  e l e c t r o n  ( 5 1 1  keV ) so  t h a t  th e  quantum
n a tu r e  o f  e l e c t r o m a g n e t i c  r a d i a t i o n  can  be i g n o r e d .  Thus th e  m odel
i s  a p p l i c a b l e  t o  o n l y  a r e s t r i c t e d  e n e r g y  r e g i o n .
Thomson ( 1 9 2 9 )  e v a l u a t e d ,  t h e o r e t i c a l l y ,  th e  c r o s s  s e c t i o n  f o r
s c a t t e r i n g  o f  e l e c t r o m a g n e t i c  r a d i a t i o n  from  a f r e e  e l e c t r o n  b a s e d  on
- 2 5  2the above m o d e l .  He o b t a i n e d  a v a l u e  o f  6 . 6 6  x 10 cm w hich r e p r e s e n t s
the f r a c t i o n  o f  the i n t e n s i t y  o f  a beam o f  r a d i a t i o n  t h a t  w i l l  be s c a t t e r e d
i n  a l l  d i r e c t i o n s  by Thomson s c a t t e r i n g  fro m  a f r e e  e l e c t r o n .  He a l s o
showed t h a t  the d i f f e r e n t i a l  c r o s s  s e c t i o n ,  d^ T y which i s  th e  f r a c t i o n
d S L
o f  the i n t e n s i t y  s c a t t e r e d  by an e l e c t r o n  i n t o  a u n i t  s o l i d  a n g l e ,  v a r i e s  
w ith  th e  s c a t t e r i n g  a n g l e ,  0 ,  a c c o r d i n g  t o  the r e l a t i o n
2 .3 .1  Coherent (Thomson) Scattering
The c la ss ic a l theory of the in teractio n  between electromagnetic
In  t h i s  r e l a t i o n  dJL i s  an e le m e n t  o f  s o l i d  a n g l e  w hich  i s  d e f i n e d  in  
th e  f o l l o w i n g  way. I f  the a p e x  o f  ea c h  o f  two c o a x i a l  c o n e s  o f  h a l f  
a n g le  9 and 9  +  d9 i s  a t  th e  c e n t r e  o f  a  s p h e r e ,  then  th e  s o l i d  a n g le  
d-fl. i s  the d i f f e r e n c e  i n  th e  a r e a s  i n t e r c e p t e d  by the c o n e s  on th e  
s u r f a c e  o f  th e  sp h e re  d i v i d e d  by th e  sq u a re  o f  th e  r a d i u s  o f  th e  s p h e r e .
2 . 3 . 2  I n c o h e r e n t  (Compton) S c a t t e r i n g
In  the c l a s s i c a l  Thomson t h e o r y  no a c c o u n t  i s  tak en  o f  th e  t r a n s f e r  
o f  momentum fro m  th e  i n c i d e n t  e l e c t r o m a g n e t i c  r a d i a t i o n  t o  an e l e c t r o n .  
F or  gamma r a y s  o f  e n e r g i e s  g r e a t e r  th an  a b o u t  107o o f  th e  r e s t  mass  
e n e r g y  o f  th e  e l e c t r o n ,  s c a t t e r i n g  ca n  no l o n g e r  be r e g a r d e d  s o l e l y  a s  
an i n t e r a c t i o n  b etw een  a p la n e  wave and an e l e c t r o n  b u t  a l s o  a s  a 
c o l l i s i o n  betw een  a p h o to n  and an e l e c t r o n  which m ust r e c o i l  from  the  
c o l l i s i o n .  The momentum o f  th e  p h o to n  c a n n o t  be n e g l e c t e d .  The e n e r g y  
o f  th e  s c a t t e r e d  p h o to n  w i l l  be  l e s s  than t h a t  o f  th e  i n c i d e n t  p h o t o n ,  
th e  d i f f e r e n c e  a p p e a r i n g  a s  k i n e t i c  e n e r g y  o f  th e  e l e c t r o n .  T h i s  i s  
i n c o h e r e n t  or  Compton s c a t t e r i n g .
A t h e o r e t i c a l  e x p l a n a t i o n  o f  i n c o h e r e n t  s c a t t e r i n g  was g i v e n  by  
Compton ( 1 9 2 3 ) .  The c o n f i r m a t i o n  o f  t h i s  t h e o r y  p r o v id e d  c o n v i n c i n g  
e v id e n c e  f o r  th e  e x i s t e n c e  o f  q u a n ta  o f  e l e c t r o m a g n e t i c  r a d i a t i o n .  From 
th e  p r i n c i p l e s  o f  e n e r g y  and momentum c o n s e r v a t i o n ,  Compton showed t h a t  
th e  e n e r g y ,  E p  r e t a i n e d  b y  a s c a t t e r e d  p h o to n  was r e l a t e d  t o  th e  e n e r g y ,  
E0 , o f  th e  i n c i d e n t  p h o to n  by  th e  e x p r e s s i o n
E , -  _______________   2 . 4 .
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where 9 i s  th e  a n g le  th ro u g h  which the p h o to n  i s  s c a t t e r e d .  I t  f o l l o w s
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from  t h i s  e x p r e s s i o n  t h a t  p h o to n s  which a re  s c a t t e r e d  th ro u gh  a f i x e d  
a n g le  from  a beam o f  m o n o e n e r g e t ic  p h o to n s  w i l l  a l s o  be m o n o e n e r g e t i c .
The number o f  p h o to n s  which a re  s c a t t e r e d  th rough  th e  a n g le  © 
v a r i e s  w ith  th e  i n c i d e n t  p h oto n  e n e r g y .  From a quantum m e c h a n ic a l  
t r e a tm e n t  o f  Compton s c a t t e r i n g ,  K l e i n  and N is h i n a  ( 1 9 2 9 )  d e r i v e d  an 
e x p r e s s i o n  f o r  th e  p r o b a b i l i t y  o f  s c a t t e r i n g  th rou gh  a g iv e n  a n g l e ,  the  
d i f f e r e n t i a l  c r o s s  s e c t i o n .  As an e x a m p le ,  the K l e i n - N i s h i n a  e q u a t io n  
can be u sed  t o  c a l c u l a t e  the r a t i o  o f  the number o f  p h o to n s  which a re  
s c a t t e r e d  i n  a fo rw a rd  d i r e c t i o n  ( 0  -  0 )  t o  th e  number which a r e  s c a t t e r e d  
backw ards (9  =■ 1 8 0 ) .  A t  an i n c i d e n t  e n e r g y  o f  5 0 0  keV t h i s  r a t i o  i s  
a b o u t  5 .  A t  7 0  keV the r a t i o  i s  a b o u t  2 .  As th e  p h oto n  e n e r g y  a p p ro a c h e s  
z e r o ,  the  r a t i o  a p p ro a c h e s  u n i t y  s i n c e  th e  K l e i n - N i s h i n a  c r o s s  s e c t i o n  
r e d u c e s  t o  th e  Thomson c r o s s  s e c t i o n .  The c o r r e s p o n d in g  r a t i o s  f o r  
fo rw a rd  t o  9 0 °  s c a t t e r i n g  a re  a b o u t  5 ,  2 . 5  and 2 .  S o l u t i o n s  t o  th e  
K l e i n - N i s h i n a  e q u a t io n  f o r  g iv e n  a n g l e s  and e n e r g i e s  have b een  t a b u l a t e d  
( O ' K e l l e y  and Sweeney, 1 9 5 4 ) .
2 . 4  S c a t t e r i n g  o f  Gamma Rays from  Bound E l e c t r o n s
When th e  w a v e le n g th  o f  r a d i a t i o n  i n c i d e n t  upon an atom i s  com p arab le  
to  or l a r g e r  than th e  d im e n s io n s  o f  the a to m , bound e l e c t r o n s  w i l l  
o s c i l l a t e  i n  p h a s e .  The s c a t t e r e d  r a d i a t i o n  e m it t e d  by  ea c h  e l e c t r o n  
w i l l  a l s o  be  i n  p h a s e .  T h is  i s  c o h e r e n t  or R a y le i g h  s c a t t e r i n g  from  
bound e l e c t r o n s .  The e l e c t r o n s  can  be c o n s i d e r e d  to  a c t  a s  one p a r t i c l e
o f  c h a rg e  Ze and mass Zm where Z i s  th e  a to m ic  number and e and m are
e
the e le c tr o n ic  ch a rge  and mass r e s p e c t i v e l y .  S in c e  th e  a m p li t u d e s  o f  
the r a d i a t i o n  s c a t t e r e d  from  each  e l e c t r o n  w i l l  add , b o th  th e  i n t e n s i t y  
o f  the r a d i a t i o n  s c a t t e r e d  from  an atom and the a to m ic  c r o s s  s e c t i o n
f o r  R a y le i g h  s c a t t e r i n g  w i l l  be a f a c t o r  Z g r e a t e r  than  t h o s e  f o r  an  
e l e c t r o n .
The p r e v io u s  d i s c u s s i o n  o f  i n c o h e r e n t  s c a t t e r i n g  from  f r e e  e l e c t r o n s  
( S e c t i o n  2 . 3 . 2 )  a p p l i e s  t o  bound e l e c t r o n s  o n ly  when th e  b i n d i n g  e n e r g y  
i s  s m a l l  compared w ith  th e  i n c i d e n t  p h o to n  e n e r g y .  C o n s e q u e n t ly ,
K l e i n - N i s h i n a  c r o s s  s e c t i o n s  a re  r e l e v a n t  f o r  bound e l e c t r o n s  o n l y  a t  
h ig h  i n c i d e n t  p h oto n  e n e r g i e s  (E > * 1 5 0  k e V ) . In  th e  more g e n e r a l  c a s e ,  
th e  b i n d in g  e n e r g y  o f  the e l e c t r o n s  and t h e i r  m o tio n  and d i s t r i b u t i o n  in  
the atom m ust be c o n s i d e r e d .
T h e o r i e s  b a s e d  on v a r i o u s  a p p r o x im a te  m od els  o f  the c h a r g e  d i s t r i b u t i o n  
w i t h in  an atom have been  d e v e lo p e d  t o  p r e d i c t  th e  b e h a v io u r  o f  gamma 
r a y s  which a r e  s c a t t e r e d ,  e i t h e r  c o h e r e n t l y  or i n c o h e r e n t l y ,  from  bound  
e l e c t r o n s .  G e n e r a l l y ,  d i f f e r e n t i a l  c r o s s  s e c t i o n s  a r e  e x p r e s s e d  as  th e  
p r o d u c t  o f  two f a c t o r s .  The f i r s t  i s  the p r o b a b i l i t y  t h a t  s c a t t e r i n g  
t a k e s  p l a c e  a s  though the e l e c t r o n  were f r e e  w h i le  the se c on d  m o d i f i e s  
t h i s  p r o b a b i l i t y .
2 . 4 . 1  C o h e re n t  ( R a y l e ig h )  S c a t t e r i n g
In  th e  c a s e  o f  c o h e r e n t  s c a t t e r i n g  from  bound e l e c t r o n s  th e  f i r s t  
o f  th e  two f a c t o r s  i s  the Thomson c r o s s  s e c t i o n .  The se c o n d  i s  the  
p r o b a b i l i t y  t h a t  the e l e c t r o n s  o f  the atom w i l l  ta k e  up a r e c o i l  momentum 
w i t h o u t  a b s o r b i n g  any e n e r g y .  I t  i s  g iv e n  by the sq u a re  o f  the a to m ic  
form  f a c t o r ,  F .  I t  f o l l o w s  t h a t  F i s  th e  r a t i o  o f  th e  a m p l itu d e  o f  the  
r a d i a t i o n  s c a t t e r e d  c o h e r e n t l y  b y  th e  atom  t o  t h a t  s c a t t e r e d  from  a 
s i n g l e  e l e c t r o n .
The form  f a c t o r  i s  a  f u n c t i o n  o f  the momentum t r a n s f e r r e d  and the  
a to m ic  number o f  the s c a t t e r i n g  m a t e r i a l .  The momentum t r a n s f e r  i s ,  in  
t u r n ,  a f u n c t i o n  o f  the p h o to n  e n e r g y  and th e  s c a t t e r i n g  a n g l e .
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where E0  i s  the p h oton  e n e r g y  i n  keV and 9 i s  th e  s c a t t e r i n g  a n g l e .  The 
d i f f e r e n t i a l  c r o s s  s e c t i o n  p e r  atom f o r  c o h e r e n t  s c a t t e r i n g ,   ^ can
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Based on v a r i o u s  m o d els  o f  th e  c h a r g e  d i s t r i b u t i o n  i n  a to m s ,  v a l u e s  
o f  F ( x , Z )  have been  d e r i v e d  t h e o r e t i c a l l y  and have been compared w ith  
e x p e r im e n t a l  o b s e r v a t i o n s  (H u b b e l l  e t  a l ,  1 9 7 5 ) .  For th e  r a n g e s  o f
0 o
momentum t r a n s f e r  ( l A < x < 1 0 A )  and a to m ic  number ( 6 < Z < 1 6 )  r e l e v a n t  
t o  t h i s  t h e s i s ,  th e  a greem en t b etw een  t h e o r y  and e x p e r im e n t  i s  g o o d .  
F i g u r e  2 . 1  shows th e  dependence o f  F ( x , Z )  upon ph oton  e n e r g y  when p h o to n s  
w hich a r e  s c a t t e r e d  c o h e r e n t l y  th ro u gh  9 0 °  from  o b j e c t s  o f  a to m ic  number 
b etw een  8 and 16 a re  o b s e r v e d .  In  t h i s  f i g u r e ,  t a b u l a t e d  v a l u e s  o f  
F ( x , Z )  have been  p l o t t e d  t o g e t h e r  w ith  th e  e x p o n e n t i a l  f u n c t i o n  o b t a i n e d  
from  a l e a s t  s q u a r e s  f i t  to  th e  d a t a .  The p a r a m e te r s  o f  th e  d e r i v e d  
f u n c t i o n  a re  g iv e n  i n  t a b l e  2 . 1 .  A lth o u g h  f o r  e a c h  e x p r e s s i o n  the  
c o r r e l a t i o n  c o e f f i c i e n t  i s  c l o s e  to  u n i t y ,  i t  must be s t r e s s e d  t h a t  the  
e q u a t i o n s  c a n n o t  be u se d  t o  c a l c u l a t e  form  f a c t o r s  o u t s i d e  the s t a t e d  
e n e r g y  r a n g e .  T h i s  i s  a p p a r e n t  from  th e  v a l u e  o f  the p a r a m e te r  A which  
s h o u ld  be e q u a l  to  th e  a to m ic  num ber.
The form  f a c t o r  f a l l s  r a p i d l y  w ith  i n c r e a s i n g  e n e r g y .  T h i s  i s  
b e c a u s e  the p r o b a b i l i t y  o f  momentum t r a n s f e r  w it h o u t  e n e r g y  a b s o r p t i o n  
d e c r e a s e s  r a p i d l y  a s  th e  i n c i d e n t  p h o to n  e n e r g y  r i s e s .  F o r  th e  same 
r e a s o n ,  th e  form  f a c t o r  d e c r e a s e s  as  th e  s c a t t e r i n g  a n g le  i n c r e a s e s .
A momentum tra n sfe r fa c to r , x, is  defined by the re la tio n
FIGURE 2 . 1 .  The dependence o f  the a to m ic  form  f a c t o r ,  F ( x , Z ) ,  upon
photon e n e rg y  f o r  c o h e r e n t  s c a t t e r i n g  through 9 0 "  from
o b j e c t s  o f  atom ic  number 8 ( lo w e r  cu rv e )  and 16 (upper
c u r v e ) .
TABLE 2 . 1
Param eters  o f  the l e a s t  s q u a re s  f i t ,  o f  the a tom ic  form f a c t o r ,  F ( x , Z ) ,  
to  photon  e n e r g y ,  E . The f i t t e d  e x p r e s s i o n  i s  o f  the form F ( x , Z )  ■ 
and the s c a t t e r i n g  a n g le  i s  9 0 ° .
O b je c t  Atom ic  
Number, Z
A p p l i c a b l e  Energy  
Range, keV
A B C o r r e l a t i o n  
C o e f f i c i e n t ,  r
8 3 0 - 1 5 0 2 . 0 1 9 - 0 . 0 3 5 6 0 . 9 8 5
16 3 0 - 1 5 0 3 . 1 6 0 - 0 . 0 2 1 6 0 . 9 9 9
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Moon ( 1 9 5 0 )  showed t h a t  more than  t h r e e  q u a r t e r s  o f  c o h e r e n t l y  s c a t t e r e d  
r a d i a t i o n  i s  c o n f i n e d  i n  th e  fo rw a rd  d i r e c t i o n  w i t h i n  a c o n e ,  the  h a l f  
a n g le  o f  which i s  l e s s  than  a c h a r a c t e r i s t i c  a n g l e ,  9 C, g iv e n  by the  
r e l a t i o n
Qc *  2 s i n ’ 1 ( 0 . 0 1 3 3  Z 1 / 3 ) 2 . 7 .
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where the p h oto n  e n e r g y ,  E ,  i s  i n  MeV. From t h i s  e x p r e s s i o n  i t  can  be  
c a l c u l a t e d  t h a t  f o r  o b j e c t s  whose a to m ic  numbers a re  8 and 16 and f o r  
i n c i d e n t  p h o to n s  o f  103 k e V ,  th e  c r i t i c a l  a n g l e s  a re  3 0  and 38  d e g r e e s  
r e s p e c t i v e l y .
F or  c o m p le t i o n ,  i t  s h o u ld  be p o i n t e d  o u t  t h a t  th e r e  a re  t h r e e  o th e r
p r o c e s s e s  by which p h o to n s  a r e  s c a t t e r e d  c o h e r e n t l y  fro m  a t o m s .  Photons
may be Thomson s c a t t e r e d  from  the n u c l e u s ,  r e s o n a n t l y  s c a t t e r e d  from  
n u c l e a r  e n e r g y  l e v e l s  o r  may s u f f e r  D e lb r u c k  s c a t t e r i n g  i n  which a p h oton  
i s  s c a t t e r e d  from  the Coulomb f i e l d  o f  th e  n u c l e u s .  F or  th e  e n e r g y  range
o f  i n t e r e s t  h e r e ,  t h e s e  e f f e c t s  a re  n e g l i g i b l e .
2 . 4 . 2  I n c o h e r e n t  S c a t t e r i n g
When th e  w a v e le n g th  o f  a p h o to n  i s  s h o r t  compared t o  a to m ic  d im e n s io n s ,  
momentum can  be t r a n s f e r r e d  d i r e c t l y  t o  a bound e l e c t r o n ,  i n  which c a s e  the  
e n e r g y  o f  th e  s c a t t e r e d  p h oton  w i l l  be r e d u c e d .  The e l e c t r o n  rem ains  
e i t h e r  i n  an e x c i t e d  s t a t e  or l e a v e s  th e  atom . A g a in  the c r o s s  s e c t i o n  
f o r  t h i s  i n c o h e r e n t  s c a t t e r i n g  from  bound e l e c t r o n s  i s  g iv e n  by the  
p r o d u c t  o f  two f a c t o r s .  The f i r s t  i s  th e  K l e i n - N i s h i n a  c r o s s  s e c t i o n  
f o r  a f r e e  e l e c t r o n .  The sec on d  i s  th e  in c o h e r e n t  s c a t t e r i n g  f a c t o r ,  S ,  
which i s  r e l a t e d  t o  the p r o b a b i l i t y  t h a t  an e l e c t r o n  a b s o r b s  e n e r g y  and 
e i t h e r  becom es e x c i t e d  o r  l e a v e s  the a to m . The i n c o h e r e n t  s c a t t e r i n g
number o f  the s c a t t e r e r ,  Z .  T h e r e f o r e ,  the d i f f e r e n t i a l  c r o s s  s e c t i o n
p e r  e l e c t r o n ,  d^ in c  , i s  w r i t t e n  as  
d JL
d^ in c  „  d<^ KN^9  ^ S ( x , Z )  2 . 8 .
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where d^KN^°) i s  th e  d i f f e r e n t i a l  K l e i n - N i s h i n a  c r o s s  s e c t i o n  p e r  e l e c t r o n .  
d E
For i n c i d e n t  p h o to n s  o f  low e n e r g y ,  the r e c o i l  momentum i s  s m a l l
and th e  atom rem ains  i n  the ground s t a t e .  T h u s ,  s c a t t e r i n g  i s  c o h e r e n t
and S ( x , Z )  i s  e q u a l  t o  z e r o .  When th e  r e c o i l  momentum i s  l a r g e r  than
the momentum o f  th e  e l e c t r o n  i n  i t s  bound s t a t e ,  the r e c o i l i n g  e l e c t r o n
i s  a lm o s t  c e r t a i n  t o  le a v e  th e  atom and S ( x , Z )  i s  c l o s e  t o  u n i t y .  The
dependence o f  S ( x , Z )  upon p h oto n  e n e rg y  i s  i l l u s t r a t e d  i n  f i g u r e  2 . 2  i n
which  the f u n c t i o n  1 -  S ( x , Z )  has b een  p l o t t e d  a g a i n s t  p h oto n  e n e r g y .
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When t h i s  e x p r e s s i o n  i s  e q u a l  t o  z e r o ,  S ( x , Z )  i s  e q u a l  t o  th e  a to m ic  
number and the i n c o h e r e n t  s c a t t e r i n g  c r o s s  s e c t i o n  i s  g iv e n  by the  
K l e i n - N i s h i n a  e q u a t i o n .  The d a ta  o f  f i g u r e  2 . 2  has been ta k e n  from  th e  
t a b l e s  o f  H u b b e l l  e t  a l  ( 1 9 7 5 )  and h a s  been  f i t t e d  t o  an e x p o n e n t i a l  
f u n c t i o n  by the method o f  l e a s t  s q u a r e s .  The p a r a m e te r s  o f  th e  d e r iv e d  
e x p r e s s i o n  a re  g iv e n  in  t a b l e  2 . 2 .  A g a in  i t  sh o u ld  be s t r e s s e d  t h a t  
t h e s e  f i t s  ca n n o t  be a p p l i e d  b e lo w  th e  low er  e n e r g y  l i m i t  o f  15 k e V .
T h i s  i s  a p p a r e n t  from  the v a l u e  o f  the p a ram eter  A which s h o u l d ,  i d e a l l y ,  
be u n i t y .
2 . 5  M a t e r i a l  A n a l y s i s  Based on the D e t e c t i o n  o f  Gamma Ray I n t e r a c t i o n s  
M easurem ents o f  a t t e n u a t i o n  or  s c a t t e r i n g  o f  gamma r a y s  can  be used  
t o  c h a r a c t e r i z e  an o b j e c t  i n  term s o f  e i t h e r  a t o t a l  or p a r t i a l  l i n e a r
fa c to r is  a lso  a function of the momentum tra n s fe r, x, and of the atomic
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FIGURE 2 , 2 . The dependence o f  the s c a t t e r i n g  f a c t o r ,  S ( x , Z ) ,  upon  
photon eu ergy  f o r  i n c o h e r e n t  s c a t t e r i n g  through 90° 
from o b j e c t s  o f  a to m ic  number 8 ( c l o s e d  c i r c l e s )  and 
16 (open c i r c l e s ) .
TABLE 2 . 2
P aram eters o f  the l e a s t  sq u a re s  f i t  o f  the i n c o h e r e n t  s c a t t e r i n g  f a c t o r ,  
S ( x , Z ) ,  to  photon e n e r g y ,  E . The f i t t e d  e x p r e s s io n  i s  o f  the form
1 "  S ( x , Z )  = Ae ®E and the s c a t t e r i n g  a n g le  i s  9 0 ° .
Z
O b je c t  Atom ic  
Number, Z
A p p l i c a b l e  Energy  
Range, keV
A B C o r r e l a t i o n  
C o e f f i c i e n t ,  r
8 * 1 5 0 . 6 8 8 - 0 . 0 9 1 6 1 . 0 0 0
16 > 1 5 0 . 4 9 9 - 0 . 0 4 7 8 0 . 9 9 9
a t t e n u a t i o n  c o e f f i c i e n t ,  th e  d e n s i t y  o r  th e  a to m ic  number o f  the o b j e c t .  
T h i s  s t a t e m e n t  i s  expanded i n  the f o l l o w i n g  d i s c u s s i o n  o f  th e  dependence  
o f  p a r t i a l  a t t e n u a t i o n  c o e f f i c i e n t s  upon p h oto n  e n e rg y  and a to m ic  number.
2 . 5 . 1  L in e a r  A t t e n u a t i o n  C o e f f i c i e n t
E q u a t io n  2 . 2  r e l a t e s  th e  t o t a l  l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  t o
th e  p r o d u c t  o f  an a to m ic  c r o s s  s e c t i o n  and th e  atom d e n s i t y .  T h i s
e q u a t io n  may be r e w r i t t e n  as
u -  £  2 . 9 .
/  Z A
The f a c t o r  i s  th e  e l e c t r o n  d e n s i t y  ( e l e c t r o n . c n / )  s o  t h a t
e q u a t io n  2 . 9  r e d u c e s  t o
ix =■ n 6  2 . 1 0 .
J Z
where n i s  th e  e l e c t r o n  d e n s i t y .  The a to m ic  c r o s s  s e c t i o n  can be 
c o n s i d e r e d  as  th e  sum o f  a to m ic  c r o s s  s e c t i o n s  f o r  each  i n t e r a c t i o n  
p r o c e s s  so  t h a t
u *  n 1 6coh  +  <^photo +  ^ i n c o h  ) 2 . 1 1 .
r  V z z z /
Each p a r t i a l  a to m ic  c r o s s  s e c t i o n  v a r i e s  in  a d i f f e r e n t  manner w ith  
ph oton  e n e r g y  and a to m ic  number. T h e r e f o r e  the d ependence o f  the t o t a l  
c r o s s  s e c t i o n  upon e n e r g y  and a to m ic  number i s  c o m p l i c a t e d .
F i g u r e  2 . 3  shows the v a r i a t i o n  o f  ^ p h o t o  w ith  a to m ic  number f o r  
p h o to n s  o f  4 0  k e V . F i g u r e  2 . 4  shows th e  same v a r i a t i o n  f o r  1 0 0  and 150  keV  
p h o t o n s .  The d a ta  was ta k e n  from  v a l u e s  t a b u l a t e d  by Storm  and I s r a e l  
( 1 9 7 0 ) .  F or  each  o f  the th r e e  p h o to n  e n e r g i e s ,  c r o s s  s e c t i o n s  were  
f i t t e d  by the method o f  l e a s t  s q u a re s  t o  an e q u a t io n  o f  th e  form
^ p h o t o  ** ^  2 . 1 2 .
The d e r i v e d  v a l u e s  o f  th e  p a r a m e te r s  A and B are  g iv e n  i n  t a b l e  2 . 3
together with the co rre la tio n  c o e ff ic ie n t, r .
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FIGURE 2 . 3 .  FIGURE 2 , 4 .
The dependence o f  the a tom ic  p h o t o e l e c t r i c  c r o s s  s e c t i o n ,  £  p h o t o ’ uPon 
atom ic  number f o r  40  keV p h oto n s  100 and 150 keV p h o to n s .
TABLE 2 . 3
Param eters o f  the l e a s t  sq u a re s  f i t  o f  the a tom ic p h o t o e l e c t r i c  c r o s s  
s e c t i o n ,  pboCQ, to  a tom ic  number, Z .  The f i t t e d  e x p r e s s i o n  i s  o f  the
£° ™ r t ° t o  -  a zB -
Photon Energy  
keV
A p p l ic a b l e  Range  
o f  Atom ic Number, Z
A B C o r r e l a t i o n  
C o e f f i c i e n t ,  r
40 6 - 1 6 1 . 1 2 2  x 1 0~ 4 4 . 6 0 8 1 . 0 0 0
100 6 -1 6 4 . 0 3 2  x 1 0 ’ 6 4 . 7 5 5 1 . 0 0 0
150 6 - 1 6 0 . 9 6 8  x 1 0 ' 6 4 . 7 9 9 1 . 0 0 0
4 *
F ig u r e  2 . 5  shows th e  v a r i a t i o n  o f  £>c o h w ith  a to m ic  number f o r  the  
same th r e e  p h oto n  e n e r g i e s .  V a lu e s  o f  were tak en  from  t a b l e s
(H u b b e l l  e t  a l ,  1 9 7 5 )  which a re  b a se d  upon i n t e g r a t i o n  o f  th e  d i f f e r e n t i a l  
c r o s s  s e c t i o n  ( e q u a t i o n  2 . 6 )  o v e r  a l l  p o s s i b l e  s c a t t e r i n g  a n g l e s .  A g a in  
the d a ta  was f i t t e d  t o  an e x p r e s s i o n  o f  the form
f t o h  -  AZb 2 . 1 3 .
and th e  d e r i v e d  p a r a m e te r s  a re  g iv e n  i n  t a b l e  2 . 4 .  The p r o b a b i l i t y  o f  
c o h e r e n t  s c a t t e r i n g  i s  g r e a t e s t  f o r  low e n e r g i e s  and h ig h  a to m ic  n um bers.  
I t  sh o u ld  be n o te d  t h a t  f o r  an a to m ic  number o f  2 0 ,  ^ p h o t o  £s  an or< e^ r  
o f  m agnitude g r e a t e r  than ^ c o h a t  4 0  keV w h i le  the two c r o s s  s e c t i o n s  
a re  s i m i l a r  a t  150  keV .
F ig u r e  2 . 6  shows th e  c o r r e s p o n d i n g  v a r i a t i o n  o f  ^ } n co h w ith  a to m ic  
number. V a lu e s  o f  ^ n co h were a l s o  o b t a i n e d  from  t a b l e s  (H u b b e l l  e t  a l ,
1 9 7 5 )  which were b a s e d  upon i n t e g r a t i o n  o f  the in c o h e r e n t  d i f f e r e n t i a l  
c r o s s  s e c t i o n  ( e q u a t i o n  2 . 8 ) .  The p a r a m e te r s  f o r  the l e a s t  s q u a r e s  f i t  
to  the e q u a t io n
A n c o h *  AZ® 2 - 1 4 ‘
are  g iv e n  in  t a b l e  2 . 5 .  The p r o b a b i l i t y  o f  i n c o h e r e n t  s c a t t e r i n g  i s
g r e a t e r  a t  h ig h  a to m ic  numbers b u t  shows l i t t l e  v a r i a t i o n  w ith  p h oton
e n e r g y .  I t  sh o u ld  be n o te d  t h a t  f o r  th e  1 0 0  and 150  keV p h oto n  e n e r g i e s ,
^ i n c o h  *-s t *ie dom inant c r o s s  s e c t i o n  f o r  a l l  a to m ic  n um bers. A t  4 0  k eV ,
^ p h o t o  *-s domi n an t f ° r  a to m ic  numbers g r e a t e r  than ab ou t 1 0 .
The above c o n s i d e r a t i o n s  im p ly  t h a t  th e  a to m ic  number dependence  
o f  the l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  can  be a d ju s t e d  by s e l e c t i o n  o f  
the p h oto n  e n e r g y .  For low e n e r g i e s  and f o r  m a t e r i a l s  o f  r e l a t i v e l y  
h ig h  a to m ic  number, ^ p h 0 to  w i l l  d o m in a te .  T h u s ,  from  e q u a t i o n s  2 . 1 1
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FIGURE 2 . 5 .  The dependence of the a to m ic  c o h e r e n t  c r o s s  s e c t i o n  upon  
a tom ic  number f o r  photon s o f  4 0 ,  100 and 150 keV .
TABLE 2 . 4
P aram eters  o f  the l e a s t  sq u a re s  f i t  o f  the atom ic  c o h e r e n t  c r o s s  s e c t i o n ,  
<£c o h» to  a tom ic  number, Z .  The f i t t e d  e x p r e s s io n  i s  o f  the form
r t h  “  a zB -
Photon Energy  
keV
A p p l i c a b l e  Range 
o f Atom ic Number, Z
A B C o r r e l a t i o n  
C o e f f i c i e n t ,  r
40 6 - 1 6 4 . 0 4 5  x 1 0 ’ 3 2 . 5 8 2 1 . 0 0 0
100 6 - 1 6 0 . 6 2 8  x 1 0 " 3 2 . 6 6 8 1 . 0 0 0
150 6 - 1 6 0 . 2 7 1  x 1 0 " 3 2 .6 9 6 1 . 0 0 0
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FIGURE 2 . 6 .  The dependence o f  the a to m ic  in c o h e r e n t  c r o s s  s e c t i o n ,
^ incoh* uPon atom ic number f o r  4 0 ,  100 and 150 keV p h o to n s .
TABLE 2 . 5
P aram eters o f  the l e a s t  sq u a re s  f i t  o f  the a tom ic  i n c o h e r e n t  c r o s s  
s e c t i o n ,  <^i n c 0 ^ ,  t o  atom ic  number, Z .  The e x p r e s s io n  i s  o f  the form
^ i n c o h  *  ^  *
Photon Energy  
keV
A p p l i c a b l e  Range 
o f  Atom ic Number, Z
A B C o r r e l a t i o n  
C o e f f i c i e n t ,  r
40 6 - 1 6 0 .6 4 7 0 . 9 1 1 1 .0 0 0
100 6 - 1 6 0 . 5 1 3 0 .9 7 3 1 . 0 0 0
150 6 -1 6 0 . 4 5 4 0 . 9 8 5 1 .0 0 0
and 2 .1 2 ,  th e  l i n e a r  a t t e n u a t io n  c o e f f i c i e n t  w i l l  v a r y  w i t h  a to m ic  
num ber i n  a m anner g iv e n  by
j i  q l  t l  Zm 2 . 1 5 .
The e x p o n e n t m i s  e q u a l t o  B - l  and w i l l  be a p p r o x im a te ly  e q u a l to  3 .5  
( t a b l e  2 . 3 ) .  The  a t t e n u a t io n  c o e f f i c i e n t  w i l l  be s t r o n g ly  d e p e n d e n t  
on th e  a to m ic  n u m b e r.
F o r  h ig h e r  p h o to n  e n e r g ie s ,  < ^ in coh w i l l  d o m in a te  and th e  d ep en d en ce  
o f  j i  upo n  Z w i l l  be g iv e n  by  e q u a t io n  2 .1 5  in  w h ic h  th e  e x p o n e n t m w i l l  
be a p p r o x im a te ly  z e r o  ( t a b l e  2 . 5 ) .  The  a t t e n u a t io n  c o e f f i c i e n t  w i l l  
v a r y  d i r e c t l y  w i t h  e le c t r o n  d e n s i t y .
Such c o n s id e r a t io n s  as th e s e  fo rm  th e  b a s is  o f  i n  v iv o  t is s u e  
c o m p o s it io n  s t u d ie s  u s in g  th e  r a d io g r a p h ic  te c h n iq u e  o f  c o m p u te r  a s s is t e d  
to m o g ra p h y . I n  t h i s  te c h n iq u e ,  th e  tw o  d im e n s io n a l d i s t r i b u t i o n  o f  
l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t s  i s  m ea su re d  a c ro s s  a  t r a n s a x i a l  s l i c e  
o f t i s s u e .  W ith  ju d ic io u s  s e l e c t i o n  o f  th e  e n e rg y  a t  w h ic h  th e  c o e f f i c i e n t s  
a r e  m ea su re d  i t  i s  p o s s ib le  f o r  th e  r e s u l t s  to  be r e l a t e d  t o  a to m ic  num ber 
o r  t o  e le c t r o n  d e n s i t y .  C o n s id e r a b le  e f f o r t  has b een  e xp en d ed  on th e  
a s s e s s m e n t o f  th e  p o t e n t i a l  d ia g n o s t ic  v a lu e  o f  th e  te c h n iq u e  ( f o r  e xa m p le :  
Is h e rw o o d  e t  a l ,  1 9 7 7 ; W e is s b e r g e r  e t  a l ,  1 9 7 8 ; L a tc h a w  e t  a l ,  1 9 7 8 ;
A v r in  e t  a l ,  1 9 7 8 ) .  Such m eth o d s  h a ve  b e en  a p p l i e d ,  f o r  e x a m p le , t o  th e  
p r e - o p e r a t i v e  a n a ly s is  o f  b r a i n  tu m o urs  ( R u t h e r f o r d  e t  a l ,  1 9 7 6 ) .
2 . 5 . 2  E f f e c t i v e  A to m ic  Number
T h ro u g h o u t t h i s  c h a p t e r ,  a l l  o b je c t s  h a ve  b e en  c o n s id e re d  t o  c o n s is t  
o f  a  s in g le  e le m e n t  o f  a to m ic  num ber Z .  In  th e  m a jo r i t y  o f  a n a l y t i c a l  
a p p l i c a t io n s  o f  gamma r a y  a t t e n u a t io n  and s c a t t e r i n g ,  th e  o b je c t  has  to  
be r e p r e s e n te d  by an e f f e c t i v e  a to m ic  n u m b e r, Z e . T h is  c o n c e p t assum es
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t h a t  th e  o b je c t  b e h a ve s  as I f  i t  w e re  com posed o f a  s in g le  e le m e n t  o f  
a to m ic  num ber Z e . I f  a  compound c o n s is t s  o f  i  e le m e n ts ,  e ac h  o f  a to m ic  
num ber Z ^ , th e n  th e  e f f e c t i v e  a to m ic  num ber w h ic h  i s  o f  c o n c e rn  f o r  a 
p a r t i c u l a r  p a r t i a l  a t t e n u a t io n  c o e f f i c i e n t  i s  g iv e n  by
Ze -  C ^ i Z i * - 1 ) 1 /B - 1  2 . 1 6 .
w h ere  B i s  th e  e x p o n e n t d e te rm in e d  f o r  th e  p a r t i c u l a r  i n t e r a c t i o n  p ro c e s s  
o v e r  a g iv e n  ra n g e  o f  a to m ic  num bers and  f o r  a  g iv e n  p h o to n  e n e r g y .
T y p ic a l  v a lu e s  o f  B a r e  th o s e  d e r iv e d  i n  t a b le s  2 . 3 ,  2 . 4  and 2 . 5 .  The
f a c t o r  i n  e q u a t io n  2 .1 6  i s  a  w e ig h t in g  f a c t o r  and i s  th e  f r a c t i o n
o f  th e  t o t a l  num ber o f  e le c t r o n s  w h ic h  a re  a s s o c ia te d  w i t h  a tom s o f  
ty p e  i .  I t  i s  g iv e n  by  th e  e x p r e s s io n
< * i *  2 . 1 7 .
q \ Ai  /
w h ere  i s th e  f r a c t i o n  by  w e ig h t  o f  th e  i fc^  e le m e n t  and q is  th e  num ber 
o f  e le c t r o n s  p e r  g r a m ^ —^  o f  th e  com pound. T h e  num ber o f  e le c t r o n s  p e r  
gram  i s  g iv e n  b y
q “ 4 Pi N#( | ) 1 A 18.
I n  a  b i o l o g i c a l  m a t r i x ,  th e  e f f e c t i v e  a to m ic  num ber f o r  p h o t o e l e c t r i c  
i n t e r a c t i o n s  w i l l  be s e n s i t i v e  to  th e  p re s e n c e  o f  r e l a t i v e l y  h ig h  Z 
e le m e n ts  such as  c a lc iu m  and p h o s p h o ru s . T h is  f a c t  i s  e x p l o i t e d  i n  
te c h n iq u e s  f o r  th e  i n  v iv o  m ea su re m e n t o f  th e  l i n e a r  a t t e n u a t io n  c o e f f i c i e n t  
o f  p e r i p h e r a l  b o n e s . Such te c h n iq u e s  h a v e  b e en  a p p l ie d  t o  th e  p ro b le m  
o f  th e  i d e n t i f i c a t i o n  o f  p a t i e n t s  s u f f e r i n g  fro m  d is e a s e s  o f  bone  
d e m i n e r a l i z a t io n .  S in c e  th e  t r a n s m is s io n  m easu rem en t i s  made w i t h  p h o to n s  
e m it t e d  fro m  an  ^2 5 I  s o u rc e  (C* 28  k e V ) , p h o t o e l e c t r i c  in t e r a c t i o n s
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p re d o m in a te  and th e  m ea su re d  l i n e a r  a t t e n u a t io n  c o e f f i c i e n t  i s  s t r o n g ly  
d e p e n d e n t upon Ze w h ic h , i n  t u r n ,  i s  r e l a t e d  to  th e  m in e r a l  c o n te n t  o f  
th e  b o n e .
T h is  d ep en dence  i s  i l l u s t r a t e d  by th e  r e s u l t s ,  p r e s e n te d  in  t a b le  2 . 6 ,  
o f  c a l c u l a t i o n s  o f  p a r t i a l  c ro s s  s e c t io n s  f o r  n o rm a l and o s t e o p o r o t ic  
t r a b e c u la r  b o n e . The c a l c u l a t i o n s  h a v e  b e en  p e r fo rm e d  to  i l l u s t r a t e  th e  
a p p l i c a t i o n  o f  e q u a t io n s  s i m i l a r  to  th o s e  d e r iv e d  i n  s e c t io n  2 . 5 . 1 .
T a b u la te d  v a lu e s  o f  th e  a to m ic  p a r t i a l  c ro s s  s e c t io n s  f o r  p h o to n s  o f  
3 0  keV  and f o r  a to m ic  num bers  w i t h i n  th e  ra n g e  64* Z 4* 12 w e re  f i t t e d  to  
pow er f u n c t io n s .  The a to m ic  num ber e x p o n e n ts  a r e  g iv e n  i n  t a b le  2 . 6 .  
E f f e c t i v e  a to m ic  num bers w e re  c a l c u l a t e d  f o r  w a te r  and f o r  bone m in e r a l  
u s in g  e q u a t io n s  2 .1 6  and 2 .1 7  and th e  d e r iv e d  a to m ic  num ber e x p o n e n ts .
The e le m e n t a l  c o m p o s it io n  o f  bone m in e r a l  was assum ed to  be t h a t  o f  
h y d r o x y a p a t i t e ,  C a^gC PO ,^)^(0H >2 (E a n e s  and P o s n e r , 1 9 7 0 ) .  T r a b e c u la r  
bone was assum ed to  c o n s is t  s o le ly  o f  bone m in e r a l  and w a t e r .  The  
d e n s i t y  o f  n o rm a l t r a b e c u la r  bone was ta k e n  as  1 .3  g .c rn ”-^  (W e b b e r, 1 9 7 6 )
«3
and t h a t  o f  m in e r a l  as  2 g .cm  ( C a r t e r  and H a y e s , 1 9 7 6 ) . The m in e r a l  
c o n te n t  o f  o s t e o p o r o t ic  bone was ta k e n  t o  be 407o t h a t  o f  n o rm a l bone  
(M e u n ie r  e t  a l ,  1 9 7 3 ) .  E f f e c t i v e  a to m ic  num bers w ere  c a l c u l a t e d  f o r  
n o rm a l and o s t e o p o r o t ic  bone u s in g  th e  same d e r iv e d  a to m ic  num ber e x p o n e n ts .  
F i n a l l y ,  p a r t i a l  a t t e n u a t io n  c o e f f i c i e n t s  w e re  c a l c u l a t e d  fro m  t h e  f i t t e d  
e x p r e s s io n s .  I t  c an  be seen  t h a t  th e  p h o t o e l e c t r i c  c ro s s  s e c t io n  i s  th e  
m a jo r  com ponent o f  th e  t o t a l  i n t e r a c t i o n  c ro s s  s e c t io n  and t h a t  i t  f a l l s  
d r a s t i c a l l y  as th e  m in e r a l  c o n te n t  i s  r e d u c e d .
Such m easu rem en ts  h a v e  b e en  a p p l ie d  to  th e  d ia g n o s is  o f  s k e l e t a l  
d is e a s e s  (M a z e s s , 1 9 7 3 ; 1 9 7 6 ) .  H o w e v e r, th e  i n i t i a l  e x p e c t a t io n s  o f  th e
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TABLE 2 .6
C a lc u la t e d  p a r t i a l  a t t e n u a t io n  c o e f f i c i e n t s  f o r  n o rm a l and  o s t e o p o r o t ic  
t r a b e c u la r  bone f o r  3 0  keV  p h o to n s .
P h o t o e le c t r i c C o h e re n t In c o h e r e n t
A to m ic  num ber e x p o n e n ts
d e r iv e d  fro m  l e a s t 4 .6 1 3 2 .6 2 3 0 .8 8 8
s q u a re s  f i t .
E f f e c t i v e  a to m ic  n u m b e rs .
-  w a te r 7 .5 2 7 .0 1 5 .0 7
-  h y d r o x y a p a t i t e 1 6 .3 1 1 4 .7 0 1 2 .6 7
-  n o rm a l t r a b e c u la r  bone 1 1 .5 1 0 .5 8 .5
-  o s t e o p o r o t ic  t r a b e c u la r  bone 1 0 .2 9 . 4 7 . 4
P a r t i a l  a t t e n u a t io n  
c o e f f i c i e n t s  ( b a r n s .a t o m " 1 )  
-  n o rm a l bone 2 2 .4 2 .9 4 . 5
-  o s t e o p o r o t ic  bone 1 2 .9 2 .2 4 . 4
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m ethod  h ave  n o t  b e en  r e a l i s e d  (S h a p ir o  e t  a l ,  1 9 7 5 ; G o ld s m ith  e t  a l ,  1 9 7 3 ;  
W ahner e t  a l ,  1 9 7 7 ; J o w s e y , 1 9 7 7 ) .  T h is  i s  b e ca u s e  i t  i s  n o t  p o s s ib le  
to  m e a s u re , i n  v i v o ,  th e  num ber o f  p h o t o e l e c t r i c  e v e n ts  p e r  u n i t  vo lu m e  
o f  b o n e . O n ly  th e  num ber o f  p h o to n s  w h ic h  h ave  n o t  b e en  rem oved  fro m  
a p h o to n  beam c a n  be m e a s u re d . Thu s th e  r e s u l t  r e f l e c t s  n o t  o n ly  th e  
m in e r a l  c o n te n t  b u t  a ls o  th e  s iz e  o f  th e  b o n e . I n  a d d i t i o n ,  t r a n s m is s io n  
i s  d e p e n d e n t upon th e  c o h e r e n t  and in c o h e r e n t  c ro s s  s e c t io n s  ( t a b l e  2 .6 )  
as w e l l  a s  th e  e le c t r o n  d e n s i t y  o f  th e  o b je c t  ( e q u a t io n  2 . 1 1 ) .  T h ese  
f a c t o r s  le a d  t o  a c o n s id e r a b le  o v e r la p  i n  bone m in e r a l  c o n te n t  m easu rem en ts  
b e tw e e n  n o rm a l and o s t e o p o r o t ic  p o p u la t io n s .
A c o n v e n ie n t  m ethod  b y  w h ic h  th e  e f f e c t i v e  a to m ic  num ber c o u ld  be 
m ea su re d  w o u ld  be to  d e te r m in e  th e  r a t i o  o f  th e  p a r t i a l  a t t e n u a t io n  
c o e f f i c i e n t s  f o r  c o h e re n t  and in c o h e r e n t  s c a t t e r i n g .  T h is  r a t i o  w i l l  
depend s o le l y  upon Ze s in c e
/ coh Ze <Bl ‘ B2 ) 2 . 1 9 .
/ i n c o h
w h ere  IQ  and IQ  a r e  th e  e x p o n e n ts  d e te rm in e d  f o r  th e  a to m ic  num ber 
d ep en d en ce  o f  th e  c o h e re n t  and in c o h e r e n t  p ro c e s s e s  r e s p e c t i v e ly  a t  th e  
a p p r o p r ia t e  p h o to n  e n e rg y  and f o r  th e  r e q u ir e d  ra n g e  o f  a to m ic  n u m b e rs .
T h is  te c h n iq u e  w o u ld  h a ve  th e  added  a d v a n ta g e  t h a t  th e  num ber o f  b o th  
c o h e r e n t  and in c o h e r e n t  i n t e r a c t i o n s  w h ic h  ta k e  p la c e  p e r  u n i t  vo lu m e  o f  
th e  o b je c t  can  be m easu red  b y  d e t e c t io n  o f  s c a t t e r e d  r a d i a t i o n  (W e b b e r, 
1 9 7 9 ) .
2 . 5 . 3  D e n s it y
T h e  p r o b a b i l i t y  t h a t  a  p h o t o n  w i l l  u n d e r g o  C o m p t o n  s c a t t e r i n g  i s  
g i v e n  b y  j Q n c o h  w h i c h ,  r e p e a t i n g  e q u a t i o n  2 . 2 ,  i s  g i v e n  b y
/ i n c o h  “  ^ in c o h  — R — *
A
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S in c e  th e  a to m ic  c ro s s  s e c t io n  f o r  in c o h e r e n t  s c a t t e r i n g  a t  a b o u t 100  keV
is  a lm o s t  d i r e c t l y  p r o p o r t io n a l  t o  a to m ic  num ber ( t a b l e  2 . 5 ) ,  we can
w r i t e ,  f o r  an o b je c t  c o n s is t in g  o f  a  s in g le  e le m e n t ,
/>incoh ■ 2.20.
A
I f  now a  s o u rc e  o f  m o n o e n e rg e t ic  p h o to n s  and a d e t e c t o r  a re  a r r a n g e d  
so t h a t  an  i n f i n i t e s i m a l  v o lu m e  i s  d e f in e d  b y  th e  i n t e r s e c t i o n  o f  th e  
p r o je c t io n s  o f  t h e i r  c o l l i m a t o r  b o re s  t h e n ,  fro m  e q u a t io n  2 . 4 ,  th e  d e te c te d  
p h o to n s  w i l l  be m o n o e n e rg e t ic .  The num ber d e t e c t e d ,  N , w i l l  depend upon  
/ i n c o h  such c h a t
N oC Z p  2 . 2 1 .
A  C
S t r i c t l y ,  th e  num ber d e te c te d  w i l l  depend upon th e  d i f f e r e n t i a l  c ro s s
s e c t io n  and n o t  J f t ncoh * H o w e v e r, s in c e  a t  an  in c id e n t  p h o to n  e n e rg y
o f  1 00  k e V , S ( x , Z )  i s  e q u a l t o  u n i t y  and s in c e  th e  i n c id e n t  e n e rg y  and
th e  s c a t t e r in g  a n g le  a re  f i x e d ,  i t  i s  p e r m is s ib le  to  c o n s id e r  ^ f t ncoh
in  p la c e  o f  d t f incoh .
d A
E x p re s s io n  2 .2 1  has  b e en  e x p l o i t e d  f o r  th e  m easu rem en t o f  d e n s i t y
i n  a v a r i e t y  o f  c irc u m s ta n c e s  in c lu d in g  th e  m easu rem en t o f  a tm o s p h e r ic
d e n s i t y  i n  o u t e r  space (G e b b ie ,  1 9 6 6 ) ,  s tea m  d e n s i t y  in  r e a c t o r  c o o la n t  
p ip e s  ( B a y ly ,  1 9 6 2 ) and t is s u e  d e n s i t y  in  humans (O d e b la d  and  N o rh a g e n , 
1 9 5 6 ) .
I t  was c o n c lu d e d  in  s e c t io n  1 .6  t h a t  one o f  th e  c o n s eq u en ce s  o f  
p u lm o n a ry  oedema w o u ld  be a n  in c r e a s e  i n  th e  d e n s i t y  o f  lu n g  t i s s u e .  
T h e r e f o r e ,  i t  w o u ld  seem t h a t  a  m eth o d  f o r  th e  m easu rem en t o f  lu n g  d e n s i t y  
b a sed  on Compton s c a t t e r in g  o f  gamma r a y s  c o u ld  p r o v id e  a  m eans f o r  th e  
a s s e s s m e n t o f  p a t i e n t s  s u s p e c te d  t o  be s u f f e r i n g  fro m  p u lm o n a ry  oedem a.
I n  t h e  f o l l o w i n g  s e c t i o n s ,  t h e  C o m p t o n  s c a t t e r i n g  m e t h o d  i s  e x a m i n e d  
f u r t h e r  a n d  p o t e n t i a l  p r a c t i c a l  p r o b l e m s  a r e  i d e n t i f i e d .
2 .6  T h e  C o m p t o n  S c a t t e r i n g  M e a s u r e m e n t  o f  L u n g  D e n s i t y
2 . 6 . 1  P r i n c i p l e
From  e x p r e s s io n  2 .2 1  th e  d e n s i t y  o f  a  d i s c r e t e  vo lu m e o f  lu n g  t is s u e  
c an  be d e te rm in e d  fro m  th e  r a t i o  o f  th e  num ber o f  p h o to n s  s c a t t e r e d  by  
th e  lu n g  t o  th e  num ber s c a t t e r e d  b y  a c a l i b r a t i o n  s ta n d a r d .  T h a t  i s
fh„ ( Z /A ) s N l  ,  22  
e s ( z /a ) l ns • •
w h ere  th e  s u b s c r ip t s  L  and S r e f e r  t o  lu n g  t is s u e  and th e  c a l i b r a t i o n  
s ta n d a r d  r e s p e c t i v e l y .
I f  th e  r a t i o  o f  a to m ic  num ber t o  a to m ic  mass i s  th e  same f o r  e ach  
e le m e n t  w i t h i n  lu n g  t is s u e  and  w i t h i n  th e  c a l i b r a t i o n  s t a n d a r d ,  th e n  th e  
r a t i o  o f  d e n s i t i e s  depends  s o l e l y  on th e  r a t i o  o f  th e  num ber o f  s c a t t e r e d  
p h o to n s . T a b le  2 .7  l i s t s  th e  a to m ic  n u m b e r, a to m ic  mass and th e  r a t i o  
o f  a to m ic  num ber t o  a to m ic  mass f o r  th e  e le m e n ts  comm only fo u n d  in  lu n g  
t is s u e  t o g e t h e r  w i t h  t h e i r  n o rm a l c o n c e n t r a t io n s  ( IC R P , 1 9 7 5 )  . I t  can  
be see n  t h a t ,  w i t h  th e  e x c e p t io n  o f  h y d ro g e n , th e  v a r i a t i o n  in  th e  r a t i o  
o f  a to m ic  mass t o  a to m ic  num ber fro m  e le m e n t  to  e le m e n t  i s  s m a l l .  I f  
i t  i s  assum ed t h a t  th e  v a r i a t i o n  in  lu n g  t is s u e  h y d ro g e n  c o n t e n t  b e tw e e n  
s u b je c ts  i s  s m a l l ,  th e n  th e  e f f e c t i v e  r a t i o  can  be c o n s id e re d  c o n s t a n t .
T h e  v a lu e  o f  ( Z /A ) ^  c a l c u l a t e d  fro m  th e  d a ta  o f  t a b le  2 .7  i s  0 . 5 5 1 .  The
fa
v a lu e  o f  ( Z / A ) 0 i s  0 . 5 5 5 .  P a t i e n t s  s u f f e r i n g  fro m  p u lm o n a ry  oedema w i l l  
e x h i b i t  r a t i o s  som ewhere b e tw e e n  th e s e  tw o v a lu e s  and h e n ce  th e  d i f f e r e n c e s  
need  n o t  be c o n s id e re d  f u r t h e r  i n  m easu re m e n ts  on human s u b je c t s .
+ "(bp Q-
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TABLE 2.7
Elements of normal lung t is s u e .
E le m e n t A to m ic  Number
Z
A to m ic  Mass 
A
Z /A C o n c e n t r a t io n  in  
Lung T is s u e  (g .% )
H 1 1 .0 1 0 .9 9 0 1 0 .2
C 6 1 2 .0 1 0 .5 0 0 1 0 .3
N 7 1 4 .0 1 0 .5 0 0 2 .9
0 8 1 6 .0 0 0 .5 0 0 7 5 .9
Na 11 2 2 .9 9 0 .4 7 8 0 .2
P 15 3 0 .9 7 0 .4 8 4 0 .1
S 16 3 2 .0 6 0 .4 9 9 0 .2
C l 17 3 5 .4 5 0 .4 8 0 0 .3
K 19 3 9 .1 0 0 .4 8 6 0 .2
PHOTON SOURCE. ENERGY E2
PHOTON SOURCE. ENERGY Ei A' DETECTOR 2
8'
DETECTOR 1
F I G U R E  2 . 7 .  T h e  a r r a n g e m e n t  o f  s o u r c e s  a n d  d e t e c t o r s  i n  a  t y p i c a l  
s c a t t e r i n g  d e n s i t o m e t e r .
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F o r  th e  m ea su re m e n t o f  d e n s i t y  t o  be in d e p e n d e n t  o f  b o th  th e  s iz e  
o f  a p a t i e n t  and th e  a t t e n u a t io n  p r o p e r t i e s  o f  th e  t is s u e s  s u r r o u n d in g  
th e  s e n s i t i v e  v o lu m e , i t  i s  n e c e s s a r y  to  c o r r e c t  f o r  a t t e n u a t io n  o f  
in c id e n t  p h o to n s  b e fo r e  th e y  a re  s c a t t e r e d  and f o r  t h a t  o f  s c a t t e r e d  
p h o to n s  b e fo r e  th e y  a r e  d e t e c t e d .  T h is  c a n  be done by a d d in g  a second  
s o u rc e  and a seco nd  d e t e c t o r  t o  th e  s y s te m  as shown in  f i g u r e  2 . 7 .
S c a t t e r e d  i n t e n s i t i e s  and N2  a r e  m ea su re d  in  d e t e c t o r  1 b e fo r e
0
and a f t e r  th e  o b je c t  h as  b e e n  r o t a t e d  th ro u g h  180 . F rom  e q u a t io n  2 .2 1  
and in c lu d in g  th e  e f f e c t s  o f  a t t e n u a t i o n ,  th e  p r o d u c t  N ]N 2  w i l l  be  
g iv e n  by
n ln 2 < * . / *“p (-//* .£ * )  f t )  exp ( -  J /* * ( * )  K j exp f t )  e*p ( -
w h e re  and y -2 a r e  tb e  1 in.ea.ir a t t e n u a t io n  c o e f f i c i e n t s  f o r  th e  i n c id e n t  
and s c a t t e r e d  p h o to n s  r e s p e c t i v e l y .  L in e  i n t e g r a l s  h a v e  b e en  used  to
e m p h a s iz e  th e  in hom o gen eou s  n a t u r e  o f  th e  o b j e c t .  T h is  e x p r e s s io n  can
be r e w r i t t e n  as
NjN2 *  f f  e x f ( ^ J / * , ( * ) 2 2A-
The m e a su re m e n t o f  t r a n s m is s io n  f o r  e a c h  s o u rc e  b e fo r e  r o t a t i o n  w i l l  
y i e l d  th e  t r a n s m i t t e d  i n t e n s i t i e s  T^ and T 2  g iv e n  by
T x <* exp  ( ~ J Ay l ( x ) d x )  2 . 2 5 .
and t
T 2 «< exp ( ~ b/ B ^p2 ( x ) d x ) 2 . 2 6 .
E q u a t io n  2 .2 6  i s  o n ly  t r u e  i f  th e  e n e rg y  o f  p h o to n s  e m it t e d  fro m  th e
0
second  s o u rc e  a r e  o f  th e  same e n e rg y  as th o s e  s c a t t e r e d  th ro u g h  90 fro m  
th e  f i r s t  s o u r c e . T h is  r e q u ir e m e n t  d i c t a t e s  th e  c h o ic e  o f  th e  second
2.23.
source. From equations 2 .2 4 , 2.25 and 2.26
a n d  e q u a t i o n  2 . 2 2  b e c o m e s
I  2 . 2 6 .
f S VT1T2 / s
T h is  i s  th e  o p e r a t io n a l  e q u a t io n  f o r  a Com pton s c a t t e r  d e n s i t o m e t e r .
2 . 6 . 2  P h y s ic a l  P ro b le m s
T o  a s s e s s  th e  p o t e n t i a l  p r e c i s io n  and a c c u r a c y  o f  lu n g  d e n s i t y
m ea su re m e n ts  a p r o to ty p e  s y s te m  was a s s e m b le d . T h e  s o u rc e s  and d e t e c t o r s
o f  a c l i n i c a l  s ys tem  u s ed  f o r  s c a t t e r i n g  m ea su re m e n ts  o f  bone d e n s i t y
(W eb b er and K e n n e t t ,  1 9 7 6 )  w ere  p la c e d  on a w ooden C fra m e  so t h a t  th e
s e p a r a t io n  b e tw e e n  a s o u rc e  and th e  o p p o s ite  d e t e c t o r  was 50 cm .
F iv e  s e p a r a te  m easu rem en ts  o f  d e n s i t y  i n  a s in g le  i n d i v i d u a l
showed t h a t  r e s u l t s  c o u ld  be p r e c is e  ( 0 .1 7  "t 0 .0 1  g .c m ~ ^ ) p r o v id e d  t h a t
c a r e  w a s  t a k e n  t o  p o s i t i o n  t h e  s u b j e c t .  T h e  p r o c e d u r e  u s e d  w a s  t o  t a k e
a c h e s t  x - r a y  so t h a t  th e  p o s i t i o n  o f  e x t e r n a l  s k in  m a rk e rs  c o u ld  be
r e l a t e d  to  th e  l e v e l  o f  th e  d ia p h ra g m .
D e n s i t i e s  m e a s u re d  i n  a g ro u p  o f  s i x  n o rm a l v o lu n t e e r s  w ere
c o n s id e r a b ly  le s s  th a n  a c c e p te d  v a lu e s .  F o r  e x a m p le , IC RP (1 9 7 5 )  g iv e s
n o rm a l lu n g  d e n s i t y  as 0 .2 6  "t 0 .0 3  g .c m ”^ w h e re a s  v a lu e s  r a n g in g  fro m  
-30 .1 2  t o  0 .2 0  g .cm  w e re  o b ta in e d  u s in g  th e  p r o to ty p e  s y s te m . In  
C h a p te r  3 ,  th e  a c c u ra c y  w h ic h  c a n  be e x p e c te d  fro m  a s ys tem  p ro p o s e d  
s p e c i f i c a l l y  f o r  lu n g  d e n s i t y  m e a su re m e n ts  i s  e s t a b l i s h e d .  The in f lu e n c e  
o f  a num ber o f  p h y s ic a l  and g e o m e t r ic a l  f a c t o r s  upon th e  r e s u l t  o f  a 
d e n s i t y  m ea su re m e n t i s  a ls o  c o n s id e r e d .
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A num ber o f  p a t i e n t s  s u f f e r i n g  fro m  p u lm o n a ry  oedema w e re  a ls o  
s t u d ie d  in  th e  p r o t o t y p e  lu n g  d e n s i t y  s y s te m . G e n e r a l l y ,  th e s e  p a t i e n t s  
w e re  u n d e r  i n t e n s iv e  c a r e . O c c a s io n a l ly ,  such  p a t i e n t s  h ad  t o  be t r a n s p o r t e d  
in  t h e i r  beds  fro m  th e  w a rd  w i t h  m o n i t o r in g  d e v ic e s  a t ta c h e d  and u n d e r  
c o n t in u o u s  in t r a v e n o u s  f l u i d  t h e r a p y .  E ven  th o u g h  th e  same c h e s t  x - r a y  
p o s i t i o n in g  p ro c e d u re  was u s e d , c o n s id e r a b le  d i f f i c u l t i e s  w e re  e x p e r ie n c e d  
i n  b o th  e n s u r in g  t h a t  th e  s c a t t e r i n g  vo lu m e  was e n t i r e l y  r e s t r i c t e d  to  
lu n g  t is s u e  a n d , i n  th e  r e p o s i t i o n in g  o f  th e  s c a t t e r in g  v o lu m e  a f t e r  th e  
1 80 °  r o t a t i o n .  A ls o ,  i t  i s  u n s a t i s f a c t o r y . t o  t r a n s p o r t  p a t i e n t s  u n d e r  
i n t e n s iv e  c a r e  fro m  a w a rd  f o r  a p ro c e d u re  w h ic h  is  in te n d e d  f o r  s c r e e n in g  
p u r p o s e s .
F o r  th e s e  re a s o n s  i t  was c o n s id e re d  e s s e n t i a l  t o  d e s ig n  a s ys tem  
w h ic h  was p o r t a b l e ,  w o u ld  n o t  r e q u i r e  r o t a t i o n  o f  th e  a p p a r a tu s  o r  th e  
p a t i e n t ,  and w i t h  w h ic h  i t  w o u ld  be p o s s ib le  t o  i d e n t i f y  th e  l e v e l  o f  th e  
d ia p h ra g m  in  e a c h  s u b je c t  so t h a t  th e  x - r a y  p o s i t i o n in g  p ro c e d u re  was n o t  
n e c e s s a r y .  The d e s ig n  and c o n s t r u c t io n  o f  th e  c l i n i c a l  s ys tem  i s  d e s c r ib e d  
i n  C h a p te r  4 .
The r e s u l t  o f  a m ea su re m e n t i n  a  p a t i e n t  w i l l  r e p r e s e n t  th e  d e n s i t y  
o f  a t is s u e  e le m e n t  a v e ra g e d  o v e r  th e  t im e  p e r io d  o f  th e  m e a s u re m e n t.
C l e a r l y  an in s ta n ta n e o u s  m ea su re m e n t o f  d e n s i t y  w i l l  r e f l e c t  th e  f r a c t i o n a l  
a i r  c o n t e n t  o f  th e  t is s u e  a t  t h a t  t im e  and i t  i s  t o  be e x p e c te d  t h a t  
s c a t t e r e d  c o u n t r a t e s  w i l l  v a r y  w i t h  th e  b r e a t h in g  c y c le .  The ra n g e  o f  
v a r i a t i o n  was m ea su re d  w i t h  th e  p r o t o t y p e  s ys tem  and i t  was shown in  
tw o in d i v i d u a l s  t h a t  th e  s c a t t e r e d  c o u n t r a t e  d o u b le d  b e tw e e n  f u l l  
i n s p i r a t i o n  and f u l l  e x p i r a t i o n .  I n  C h a p te r  5 ,  th e  r e s u l t s  o f  e x p e r im e n ts  
in  w h ic h  t h i s  e f f e c t  was i n v e s t i g a t e d  f u r t h e r  a r e  p r e s e n t e d .  D e n s i t y
2 .6 .3  B io lo g ic a l Problems
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was m e a s u re d  in  n o rm a l human v o lu n t e e r s  i n  whom th e  vo lu m e  o f  a i r  i n  
th e  lu n g s  was v a r ie d  i n  a  c o n t r o l l e d  m an n er u s in g  a s p i r o m e t e r .
As d e s c r ib e d  e a r l i e r ,  g r a v i t y  in f lu e n c e s  th e  d i s t r i b u t i o n  o f  
p e r f u s io n  o f  b lo o d  th r o u g h o u t  th e  lu n g  and th e  f r a c t i o n a l  b lo o d  c o n te n t  
i s  g r e a t e s t  i n  d e p e n d e n t lu n g  t i s s u e .  C o n s e q u e n t ly  i t  i s  t o  be e x p e c te d  
t h a t  th e  d e n s i t y  o f  lu n g  t i s s u e  w i l l  be g r e a t e r  a t  th e  b a se  th a n  a t  th e  
a p e x  in  u p r ig h t  s u b je c t s .  T h is  f a c t o r  w i l l  be o f  c o n c e rn  when m ea su re m e n ts  
b e tw e e n  s u b je c t s  a re  to  be co m p ared  and when s e q u e n t i a l  r e s u l t s  a r e  
o b ta in e d  fro m  a s in g l e  s u b je c t .  I n  C h a p te r  5 ,  th e  r e s u l t s  o f  e x p e r im e n ts  
a r e  p r e s e n te d  i n  w h ic h  th e  m a g n itu d e  o f  t h i s  e f f e c t  was d e te r m in e d  in  
n o rm a l human v o lu n t e e r s  i n  whom th e  v o lu m e  o f  a i r  i n  th e  lu n g s  was 
c o n t r o l l e d .
The i d e n t i f i c a t i o n  o f  a p a t i e n t  i n  whom lu n g  d e n s i t y  i s  in c r e a s e d  
w i l l  i n d i c a t e  t h a t  th e  f r a c t i o n a l  w a te r  c o n t e n t  o f  th e  lu n g  i s  in c r e a s e d ;  
no d i s t i n c t i o n  c an  be made b e tw e e n  th o s e  p a t i e n t s  i n  whom th e  p u lm o n a ry  
b lo o d  vo lu m e  i s  in c r e a s e d  and th o s e  i n  whom th e  i n t e r s t i t i a l  f l u i d  v o lu m e  
i s  in c r e a s e d .  G e n e r a l l y ,  th e  fo r m e r  s i t u a t i o n  i s  a s s o c ia te d  w i t h  
in c r e a s e d  c a p i l l a r y  h y d r o s t a t i c  p r e s s u re  o f  c a r d ia c  o r i g i n  (p u lm o n a ry  
c o n g e s t io n )  w h e re a s  th e  l a t t e r  i s  due t o  an  in c r e a s e d  c a p i l l a r y  p e r m e a b i l i t y  
(p u lm o n a ry  o e d e m a ). T he  t h e r a p e u t ic  c o n s e q u e n c e s  f o r  such p a t i e n t s  w i l l  
dep en d  upon a e t i o l o g y .  C o n s e q u e n t ly  th e  d e t e c t io n  o f  j u s t  an  in c r e a s e d  
lu n g  d e n s i t y  i s  o f  l i m i t e d  d ia g n o s t ic  v a l u e .  F o r  d is o r d e r s  o f  c a r d ia c  
o r i g i n ,  th e  f r a c t i o n a l  b lo o d  c o n t e n t  o f  lu n g  t is s u e  i s  in c r e a s e d  w h e re a s  
f o r  a b n o r m a l i t i e s  o f  c a p i l l a r y  p e r m e a b i l i t y  i t  i s  n o r m a l.  T h e r e f o r e ,  
th e  t o t a l  i n v e s t i g a t i o n  o f  p a t i e n t s  in  whom an  in c r e a s e d  lu n g  w a te r  c o n t e n t
i s  d e te c te d  w i l l  r e q u i r e  a m ea su re m e n t o f  th e  f r a c t i o n a l  b lo o d  c o n te n t  
o f lu n g  t i s s u e .  I n  C h a p te r s  6 and  7 tw o te c h n iq u e s  f o r  t h i s  m easu rem en t 
a r e  e x a m in e d .
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3 .1  I n t r o d u c t io n
R e s u l t s  o b ta in e d  w i t h  th e  p r o t o t y p e  s y s te m  showed t h a t  lu n g  d e n s i t y
c o u ld  be m e a s u re d  p r e c i s e l y  b u t  n o t  a c c u r a t e l y .  I t  was n e c e s s a r y  t o  d e f in e
th e  e x t e n t  o f  th e  t o t a l  e r r o r  t o  be e x p e c te d  in  a s ys tem  d e d ic a t e d  t o  th e
m e a su re m e n t o f  lu n g  d e n s i t y .  S in c e ,  i n  th e  p r o t o t y p e  s y s te m , s c a t t e r e d
c o u n t r a t e s  w e re  lo w  w h i le  b a c k g ro u n d  c o u n t r a t e s  w e re  r e l a t i v e l y  h ig h ,
b o th  th e  a c t i v i t y  o f  th e  s o u rc e s  and th e  th ic k n e s s  o f  th e  d e t e c t o r  s h ie ld s
153had t o  be in c r e a s e d .  A 152  GBq ( 4 . 1  C i )  Sm s o u rc e  and  a 81 GBq ( 2 . 2  C i )
1 7 ^Tm s o u r c e , a c t i v i t i e s  an  o r d e r  o f  m a g n itu d e  g r e a t e r  th a n  th o s e  u s e d  in  
th e  p r o t o t y p e  s y s te m , w e re  p ro d u c e d  u s in g  a m eth o d  t o  be d e s c r ib e d  l a t e r  
( S e c t io n  4 . 3 ) .  D e t e c t o r s ,  i n  w h ic h  th e  N a l ( T l )  c r y s t a l s  w e re  0 .0 8  cm 
t h i c k ,  3 . 2  cm d ia m e te r  and h ad  b e r y l l i u m  e n t r a n c e  w indow s w e re  u s ed  i n  
p la c e  o f  th e  5 .1  cm x  5 .1  cm d e t e c t o r s  o f  th e  p r o t o t y p e  s y s te m . The  
s o u rc e s  and d e t e c t o r s  w e re  p la c e d  i n  l a r g e r  le a d  c a s t le s  t o  in c r e a s e  th e  
s h ie ld i n g  b e tw e e n  e a c h  d e t e c t o r  and  e a c h  s o u r c e .  The  in f lu e n c e  o f  eac h  
o f  th e s e  f a c t o r s ,  and o t h e r s ,  on th e  d e s ig n  o f  a  c l i n i c a l  s y s te m  i s  e xa m in e d  
i n  g r e a t e r  d e t a i l  i n  C h a p te r  4 .  F i r s t ,  th e  a c c u r a c y  o f  d e n s i t y  m ea su re m e n ts  
was e s t a b l i s h e d  u s in g  ph an to m  m a t e r i a l s .
3 . 2  A c c u ra c y  o f  D e n s i t y  M e a s u re m e n ts  in  In a n im a te  O b je c ts
The s o u rc e s  and d e t e c t o r s  w e re  h o u se d  i n  le a d  c a s t le s  w h ic h  p r o v id e d  
a m inim um  o f  2 .5  cm o f  le a d  a ro u n d  e a c h  s o u rc e  and e a c h  d e t e c t o r .  E ach  
d e t e c t o r  was c o l l im a t e d  b y  a  1 .6  cm d ia m e t e r ,  8 cm lo n g  s t r a i g h t  h o le  
i n  th e  le a d  c a s t l e .  When th e  s h u t t e r  o f  a  s o u rc e  c a s t l e  was i n  th e  open  
p o s i t i o n ,  th e  s o u rc e  was c o l l i m a t e d  t o  th e  same e x t e n t  a s  e a c h  d e t e c t o r .
The 1 5 3 Sm s o u rc e  was f i l t e r e d  w i t h  a 0 .0 1 2 7  cm c e r iu m  f o i l  and th e  17<\ m
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s o u rc e  w i t h  a  0 .0 1 2 7  cm g a d o l in iu m  f o i l  t o  re d u c e  th e  i n t e n s i t i e s  o f  th e  
c h a r a c t e r i s t i c  x - r a y s  a s s o c ia t e d  w i t h  e a c h  s o u r c e .
N o rm a l lu n g  t is s u e  was s im u la te d  w i t h  b lo c k s  ( 3 . 5  x  7 . 0  x  1 4 .0  cm) 
c u t  fro m  tw o  la r g e  p ie c e s  o f  p i n e .  The  mean b lo c k  w e ig h t  was 1 6 5 .9  "t 7 . 8  
A num ber o f  b lo c k s  w e re  re w e ig h e d  a f t e r  a n  i n t e r v a l  o f  a p p r o x im a t e ly  s ix  
m on ths  and th e  m ean w e ig h t  was u n c h a n g e d . The mean vo lum e o f  f i v e  o f  th e  
b lo c k s  was 3 4 9  "t i . O  cm3 ; th e  d e n s i t y  was t h e r e f o r e  0 .4 7 5  "t 0 .0 2 2  g .c m ’ 3 .
A b n o rm a l lu n g  t is s u e  was s im u la te d  w i t h  b lo c k s  o f  th e  same s i t e  c u t  
fro m  s in g le  p ie c e s  o f  b a ls a  and m a p le . The mean d e n s i t i e s  o f  th e  b a ls a  
and m a p le  b lo c k s  w e re  0 .1 1 6  t  0 .0 0 6  an d  0 .7 8 3  *  0 .0 1 3  g .c ra "3 r e s p e c t i v e l y .  
O b je c ts  c o n s t r u c t e d  fro m  b a ls a  o r  m a p le  th u s  s im u la te d  lu n g  t i s s u e  o f  
p a t i e n t s  s u f f e r i n g  fro m  emphysema ( b a ls a )  o r  p u lm o n a ry  oedema ( m a p le ) .
The c a l i b r a t i o n  s ta n d a r d  was a c y l i n d r i c a l  p l a s t i c  c o n t a in e r  o f  d ia m e te r
1 2 .0  cm c o n t a in in g  w a te r  t o  a  h e ig h t  o f  2 0 .0  cm.
The s o u rc e  and  d e t e c t o r  c a s t l e s  w e re  p la c e d  on a t a b le  i n  th e  a r r a n g e  
m ent o f  f i g u r e  2 . 7 .  The  d is t a n c e  fro m  th e  c e n t r e  p o i n t ,  0 ,  t o  th e  fa c e  
o f  e ac h  s o u rc e  and d e t e c t o r  c a s t l e  was 25  cm . E ach o b je c t  was o f  s q u a re  
c ro s s  s e c t io n ,  was 1 4 .0  cm h ig h  and was p o s i t io n e d  s y m m e t r ic a l ly  a b o u t  
th e  c e n t r e  p o i n t  so t h a t  p h o to n s  o f  e a c h  beam w e re  i n c id e n t  n o r m a l ly  upon  
a fa c e  o f  th e  o b j e c t .  By c h a n g in g  th e  num ber o f  b lo c k s  i n  e a c h  o b j e c t ,  
th e  p a th  le n g t h  in  wood fro m  e a c h  s o u rc e  to  e a c h  d e t e c t o r  was v a r i e d  fro m
7 . 0  cm t o  3 5 . 0  cm i n  in c r e m e n ts  o f  7 . 0  cm.
E ach  d e t e c t o r  was c o u p le d  th ro u g h  a n  a m p l i f i e r  (C a n b e r r a ,  m o d e l 1 4 1 8 )
to  a s in g le  c h a n n e l a n a ly z e r  ( C a n b e r r a ,  m o d e l 1 4 3 1 ) .  The o u tp u t  fro m  e ac h
a n a ly z e r  was c o n n e c te d  t o  a tw o  c h a n n e l u n i v e r s a l  s c a l e r - t i m e r  (C a n b e r r a ,
153m o d e l 1 7 9 0 C ) . To e l im in a t e  dead  t im e  e f f e c t s  when Sm t r a n s m i t t e d  c o u n t
u1 *53r a t e s  w e re  m e a s u re d , th e  d e t e c t o r  o p p o s ite  th e  J J Sm s o u rc e  was s h ie ld e d
w i t h  a tu n g s te n  f i l t e r .  The e n e rg y  s p e c tru m  o f  p h o to n s  t r a n s m i t t e d  th ro u g h
th e  w a t e r  s ta n d a r d  was d is p la y e d  f o r  e a c h  d e t e c t o r  i n  t u r n  on a m u l t ic h a n n e l
a n a ly z e r  ( D . E .C .  PDP 1 1 / 2 0 ) .  An e n e rg y  w in d o w  o f  fro m  68  t o  102  k e V  was
s e t  t o  in c lu d e  th e  8 4 .3  k e V  p h o to p e a k  o f  ^ ^ T m . The e n e rg y  w indow  s e t
t o  encom pass th e  1 0 3 .2  keV  p h o to p e a k  o f  1 3 3 Sra o b s e rv e d  i n  th e  seco n d  d e t e c t o r
was 86 t o  115 k e V . T h ese  e n e rg y  w indow s c o rre s p o n d  t o  a p p r o x im a t e ly  1 .5
t im e s  th e  r e s p e c t i v e  f u l l  w id t h  h a l f  m axim a (FWHM) f o r  th e  r e l e v a n t  p h o to p e a k s .
S in c e  a l l  o b je c t s  w e re  o f  a  s y m m e tr ic a l  c ro s s  s e c t io n ,  r o t a t i o n  was
n o t  n e c e s s a r y  and o n ly  one s c a t t e r e d  c o u n t  r a t e  was m e a s u re d . S c a t t e r e d
153and t r a n s m i t t e d  c o u n t r a t e s  w e re  m e a s u re d  c o n c u r r e n t ly  w i t h  th e  Sm s o u rc e
open and th e  1 7 ^Tm s o u rc e  c lo s e d .  The secon d  t r a n s m is s io n  m ea su re m e n t was
made w i t h  th e  120Tm e xp o se d  and th e  1 3 3 Sm s o u rc e  c lo s e d .  A l l  c o u n t in g
p e r io d s  w e re  o f  tw o m in u te s  d u r a t i o n .  The c o u n t in g  p e r io d  f o r  th e
m ea su re m e n t o f  b a c k g ro u n d  was 5 m in u t e s .  B a c kg ro u n d s  w e re  m ea su re d  w i t h
th e  s o u rc e  s h u t t e r s  c lo s e d  and th e  o b j e c t  i n  p o s i t i o n .  C o u n t r a t e s  w e re
153c o r r e c t e d  f o r  b a c k g ro u n d  and f o r  d e c a y  a s s u m in g  t h a t  th e  h a l f  l i f e  o f  Sm 
was 4 6 .8  h .  A p p a r e n t  e l e c t r o n  d e n s i t i e s  w e re  c a l c u l a t e d  fro m  th e  f o l l o w in g  
r e l a t i o n  w h ic h  i s  d e r iv e d  fro m  e q u a t io n  2 . 2 6 .
w h e re  N , T^ and T 2  a re  th e  1 3 3 Sra s c a t t e r e d ,  t r a n s m i t t e d  and 1 7 ^Tm
t r a n s m i t t e d  c o u n t r a t e s  c o r r e c t e d  f o r  b a c k g ro u n d  and d e c a y , n^  i s  th e  
a p p a r e n t  e l e c t r o n  d e n s i t y  o f  th e  w ooden sam p le  and Ug i s  th e  e le c t r o n  
d e n s i t y  o f  th e  w a te r  s t a n d a r d .  The e le c t r o n  d e n s i t y  o f  w a t e r  was assum ed  
t o  be u n i t y .  Thus th e  r e l a t i o n  b e tw e e n  e le c t r o n  d e n s i t y  and mass d e n s i t y  
i s  assum ed to  be th e  same f o r  a l l  o b j e c t s .
( ,7
F o r  e ac h  o b je c t  th e  r a t i o  o f  a p p a r e n t  e l e c t r o n  d e n s i t y  o f  th e  sam p le  
to  t h a t  o f  w a t e r  was d iv id e d  by th e  r a t i o  o f  o b je c t  and w a t e r  mass
d e n s i t i e s .  T h is  i s  e q u a l t o  th e  r a t i o  o f  a p p a r e n t  t o  t r u e  d e n s i t y .  I f
no e r r o r s  a r e  p r e s e n t  t h i s  p r o c e d u re  w o u ld  y i e l d  a v a lu e  o f  1 . 0  f o r  eac h  
o b j e c t .  The r e s u l t s  a re  p l o t t e d  i n  f i g u r e  3 . 1  f o r  th e  b a ls a ,  p in e  and  
m a p le  o b je c t s  as a f u n c t io n  o f  o b je c t  s i z e .  A ls o  shown i n  f i g u r e  3 . 1  a r e
th e  f i t t e d  q u a d r a t ic  e x p r e s s io n s  o b ta in e d  by  th e  m ethod o f  l e a s t  s q u a re s .
The p a ra m e te rs  o f  th e  f i t t e d  e q u a t io n s  a r e  g iv e n  in  t a b le  3 . 1 .  The m inim um  
num ber o f  c o u n ts  a c c u m u la te d  i n  a n y  one tw o -m in u te  c o u n t in g  i n t e r v a l  was
6 3 5 0 . The t o t a l  num ber o f  c o u n ts  a c c u m u la te d  in  a  f i v e - m in u t e  b a c k g ro u n d
m ea su re m e n t was t y p i c a l l y  6 0 .  The maximum e r r o r  due t o  c o u n t in g  s t a t i s t i c s
in  a n y  a p p a r e n t  e le c t r o n  d e n s i t y  m ea su re m e n t was 2 .5 7 * .
T h ese  r e s u l t s  show t h a t  a m e a su re m e n t o f  d e n s i t y  i s  d e p e n d e n t on b o th  
th e  s i z e  and d e n s i t y  o f  th e  o b j e c t .  I n  hum ans, th e  p a th  le n g t h  w i l l  be  
a b o u t 20  cm and n o rm a l lu n g  d e n s i t y  w i l l  be a p p r o x im a te ly  0 .3  g .cm  . I t  
c an  be see n  fro m  f ig u r e  3 . 1  t h a t  th e  m ea su re d  d e n s i t y  w i l l  be a p p r o x im a te ly  
607, o f  th e  t r u e  d e n s i t y .  F o r  a p a t i e n t  s u f f e r i n g  fro m  emphysema th e  
d e n s i t y  may be 0 .1  g .c m -3  (R o sen b lu m  e t  a l ,  1 9 7 8 ) and th e  e r r o r  w i l l  be 
g r e a t e r  th a n  100% . In  p u lm o n a ry  oedema w h e re  th e  d e n s i t y  may be 0 .8  g .cm  
(R e is s  and S t e i n l e ,  1 9 7 3 ) ,  th e  e r r o r  w i l l  be o n ly  a b o u t 5%. I t  i s  o f  
i n t e r e s t  to  n o te  t h a t  f o r  p a t i e n t s  w i t h  lo w  d e n s i t i e s  th e  e r r o r  i s  v i r t u a l l y  
in d e p e n d e n t  o f  s i z e .
The a b i l i t y  o f a c l i n i c a l  s ys tem  t o  d i s t in g u i s h  n o rm a l fro m  a b n o rm a l 
w i l l  be l i m i t e d  by th e s e  e r r o r s .  I t  may n o t  be n e c e s s a r y ,  fro m  a c l i n i c a l  
p o in t  o f  v ie w ,  t o  p ro d u c e  an a c c u r a t e  r e s u l t ;  a p r e c is e  num ber r e l a t e d  t o  
d e n s i t y  may be s u f f i c i e n t  to  m o n i t o r ,  f o r  e x a m p le , th e  e f f e c t s  o f  t r e a t m e n t
TABLE 3.1
P a ra m e te rs  o f  th e  l e a s t  s q u a re s  f i t  o f  th e  r a t i o  o f  m easu red  to  t r u e  
d e n s i t y ,  R , as a f u n c t io n  o f  o b je c t  s i z e ,  S . The f i t t e d  e q u a t io n  is  
o f  th e  fo rm  R » A +  BS +  CS1 .
C o n s ta n t P in e B a ls a M ap le
A 2 7 .2 2 7 .3 2 0 .7
B 2 .6 0 1 .6 5 4 .2 5
C - 0 .0 3 0 - 0 .0 3 4 -0 .0 3 3
A v e ra g e  
D e v ia t io n  o f  
D a ta  fro m  f i t t e d  
E q u a t io n  (% ) .
1 .8 1 .1 1 .6
FIGURE 3 . 1 .  R a t io  o f  a p p a re n t  e le c t r o n  d e n s i t y ,  n ^ , to  t r u e  mass d e n s i t y ,  
Pl. as a f u n c t io n  o f  o b je c t  s iz e  f o r  b a ls a  (o—-o) , p in e  ( •  >)
and m ap le  (o a ) . The r a t i o  f o r  th e  w a te r  s ta n d a rd  is  a ls o  
shown ( * ) .  The c u rv e s  a re  th e  le a s t  s q u a re s  f i t  to  a 
q u a d r a t ic  f u n c t io n .
re g im e s  i n  i n d i v i d u a l  p a t i e n t s .  H o w e v e r, f o r  th e  p r o p e r  i n t e r p r e t a t i o n  
o f  r e s u l t s  i n  i n d i v i d u a l  p a t i e n t s ,  th e  o r i g i n  o f  t h i s  e r r o r  m u st be  
u n d e r s to o d .
3 .3  Some P o t e n t i a l  S o u rc e s  o f  E r r o r
3 . 3 . 1  In t r o d u c t io n
A s tu d y  (K e n n e t t  and W e b b e r, 1 9 7 6 ) o f  th e  s c a t t e r i n g  m eth o d  a p p l ie d  
to  th e  m easu rem en t o f  os c a l c i s  d e n s i t y  c o n c lu d e d  t h a t  th e  o n ly  s i g n i f i c a n t  
s o u rc e  o f  e r r o r  was th e  d e t e c t io n  o f  p h o to n s  w h ic h  had  b e e n  s c a t t e r e d  m ore  
th a n  o n c e . The in f lu e n c e  o f  a num ber o f  g e o m e t r ic a l  f a c t o r s  was c o n s id e re d  
t o  be n e g l i g i b l e .  I t  was shown t h a t  a c o r r e c t io n  f a c t o r  f o r  th e  e r r o r  
due t o  m u l t ip l e  s c a t t e r in g  c o u ld  be d e r iv e d  fro m  th e  t r a n s m is s io n  o f  
s e c o n d a ry  s o u rc e  p h o to n s  th ro u g h  th e  o b j e c t .  T h is  r e l a t i o n  i s  d e r iv e d  
i n  th e  f o l l o w in g  p a r a g r a p h .
L e t  an i n f i n i t e s i m a l  vo lum e be d e f in e d  w i t h i n  a hom ogeneous o b je c t  
b y  c o l l i m a t i o n  o f  a  s o u rc e  and a d e t e c t o r  and l e t  th e  s o u rc e  e m it  m ono- 
e n e r g e t ic  p h o to n s . The num ber o f  p h o to n s , N , w h ic h  a re  Com pton s c a t t e r e d ,  
i n  s in g le  e v e n ts ,  th ro u g h  a f i x e d  a n g le  i n t o  th e  d e t e c t o r  i s  d e p e n d e n t  
upon th e  in c o h e r e n t  l i n e a r  a t t e n u a t io n  c o e f f i c i e n t , f t i n c o h *  t h e  o b j e c t .  
T h a t  i s
N ^  / * in c o h  3 . 2 .
I t  i s  p o s s ib le  f o r  p h o to n s  to  u n d e rg o  tw o s c a t t e r in g  e v e n ts  i n  th e  o b je c t  
and s t i l l  e n t e r  th e  d e t e c t o r .  Such p h o to n s  w i l l  ra n g e  i n  e n e rg y  fro m  _
61 to  92 k e V . P ro v id e d  t h a t  th e  p r o b a b i l i t y  o f  th e  second i n t e r a c t i o n  
i s  n o t  in f lu e n c e d  by  th e  f i r s t ,  th e  num ber o f  such e v e n t s ,  M , m ust 
depend on th e  s q u a re  o f  th e  a t t e n u a t io n  c o e f f i c i e n t .  I n  a d d i t i o n ,  s in c e  
th e  tw o s c a t t e r in g  e v e n ts  c an  ta k e  p la c e  a n yw h ere  i n  an o b je c t  p la n e
y o
w h ic h , when e x te n d e d , in c lu d e s  th e  s o u rc e  and d e t e c t o r ,  i t  i s  t o  be e x p e c te d  
t h a t  th e  num ber o f  su ch  e v e n ts  w i l l  d epend  upo n  th e  d im e n s io n s  of. th e  
o b je c t  p la n e .  I f  i t  i s  assum ed t h a t  t h i s  d ep en d en ce  i s  l i n e a r  th e n
w h e re  a  i s  a  c h a r a c t e r i s t i c  le n g t h  o f  th e  o b j e c t .  C o n s e q u e n t ly ,  th e  r a t i o  
o f  d o u b le  t o  s in g le  s c a t t e r i n g  i s  g iv e n  b y
T h is  r e l a t i o n  s u g g e s ts  t h a t  th e  c o n t r i b u t i o n  fro m  m u l t i p l e  s c a t t e r i n g  w i l l  ------
be le s s  a t  h ig h  i n c i d e n t  beam e n e r g ie s  and  w i t h i n  s m a ll  o b j e c t s .  The  
t r a n s m is s io n  th ro u g h  th e  o b je c t  i s  d e p e n d e n t upon th e  t o t a l  l i n e a r  a t t e n u a t io n  
c o e f f i c i e n t ,  u ,  and th e  o b je c t  s i z e .  Thus
w h e re  I 0 and I  a r e  th e  num ber o f  i n c id e n t  and t r a n s m i t t e d  p h o to n s  r e s p e c t i v e ly  
f o r  th e  s e c o n d a ry  s o u r c e . I t  c a n  be seen  t h a t  i f  th e  t o t a l  i n t e r a c t i o n  
p r o b a b i l i t y ,  j i ,  i s  e q u a l to  J * incoh th e n  th e  r a t i o  o f  d o u b le  to  s in g le  
s c a t t e r i n g  i n  th e  o b j e c t  w i l l  be d i r e c t l y  r e l a t e d  t o  th e  t r a n s m is s io n  
th ro u g h  th e  o b j e c t .
To  r e i t e r a t e ,  th e  a s s u m p tio n s  upon w h ic h  th e  ab ove  a rg u m e n t i s  based  
a r e  t h a t  th e  second  i n t e r a c t i o n  is  n o t  in f lu e n c e d  by  th e  f i r s t ,  t h a t  
m u l t i p l e  s c a t t e r i n g  i s  l i n e a r l y  d e p e n d e n t upon o b je c t  s iz e  and  t h a t  th e  
o n ly  i n t e r a c t i o n  m echanism  i s  Com pton s c a t t e r i n g .  The v a l i d i t y  o f  th e s e  
a s s u m p tio n s  was t e s t e d  b y  r e p l o t t i n g  th e  d a ta  o f  f i g u r e  3 . 1  as a  f u n c t io n  
o f  th e  t r a n s m is s io n  d e r iv e d  fro m  e x p r e s s io n  3 . 6 .  The r e s u l t s  a r e  shown
M *  (jHncoh)2* 3 .3
N / * in c o h  a 3 . 4
I _  -  
Io
3 . 5
and
3 .6
i n  f i g u r e  3 . 2 .  I t  c a n  be s ee n  t h a t  th e  d a ta  f o r  th e  w ooden b lo c k s  can  
b e  f i t t e d  r e a s o n a b ly  w e l l  ( c o r r e l a t i o n  c o e f f i c i e n t  0 .9 8 ;  a v e ra g e  d e v i a t i o n  
5 .5 7 .)  to  a s in g le  s t r a i g h t  l i n e  e v e n  th o u g h  t h e r e  a p p e a rs  t o  be a  s i m i l a r  
and n o n - l in e a r  p a t t e r n  f o r  e a c h  ty p e  o f  w o o d . The l i n e a r  e x p r e s s io n  
p r e d ic t s  an  a p p a r e n t  e l e c t r o n  d e n s i t y  f o r  th e  w a te r  s ta n d a r d  w h ic h  i s  
lo w  b y  2 1 .5 7 ..
T h e s e  r e s u l t s  in d i c a t e  t h a t  th e  a s s u m p tio n s  upon w h ic h  th e  d e r i v a t i o n  
o f  th e  d ep en d en ce  o f  d o u b le  s c a t t e r i n g  upon t r a n s m is s io n  was b a s e d  a re  
n o t  a p p l i c a b le  to  a s y s te m  f o r  th e  m ea su re m e n t o f  lu n g  d e n s i t y  a lth o u g h  
th e  r e l a t i o n  is  v a l i d  f o r  th e  bone s y s te m . T h is  i s  b e c a u s e  th e  ra n g e s  
i n  o b je c t  s iz e  and  d e n s i t y  w h ic h  a r e  e n c o u n te re d  in  th e  lu n g  a r e  g r e a t e r  
th a n  th o s e  o b s e rv e d  i n  b o n e . F o r  e x a m p le , th e  beam p a th  le n g th s  i n  th e  
bone s y s te m  v a r y  fro m  a b o u t 6 t o  12 cm and  e v e n  a b n o rm a l d e n s i t i e s  f a l l  
w i t h in  a r e l a t i v e l y  n a rro w  ra n g e  o f  fro m  1 .1  t o  1 .5  g .c m " 3 (W e b b e r, 1 9 7 6 ) .
In  th e  lu n g  th e  p a th  le n g t h  w i l l  ra n g e  fro m  a b o u t 15 t o  3 0  cm and d e n s i t i e s
-3  -3w i l l  be as  lo w  as 0 . 1  g .cm  t o  as h ig h  as  1 .0  g .cm  i f  th e  s c a t t e r i n g
vo lu m e  h ap p en s  t o  be lo c a t e d  in  a p l e u r a l  e f f u s i o n  (S im o n , 1 9 7 1 )  . E ven
in  p a t i e n t s  s u f f e r i n g  fro m  p u lm o n a ry  oedema th e  d e n s i t y  w i l l  r i s e  t o  a b o u t
0 .8  g . cm "3 .
I t  i s  e x p e c te d  t h a t  m u l t i p l e  s c a t t e r i n g  w i l l  be th e  m a jo r  s o u rc e  o f  
e r r o r  i n  lu n g  d e n s i t y  m e a s u re m e n ts . H o w e v e r, b e f o r e  c o n s id e r in g  th e  e f f e c t s  
o f  m u l t i p l e  s c a t t e r in g  f u r t h e r  i t  was th o u g h t  a d v is a b le  to  e x a m in e  th e  
i n f lu e n c e  o f  a num ber o f  geom et r i c a l  f a c t o r s  i n  th e  r e l a t i v e l y  la r g e  lu n g  
s y s te m .
3 . 3 . 2  The R a t io  o f  A to m ic  Num ber to  A to m ic  Mass
The r a t i o  o f  th e  mass d e n s i t y  o f  th e  o b j e c t  to  t h a t  o f  th e  c a l i b r a t i o n
FIGURE 3 . 2 .  R a t io  o f  a p p a re n t  e le c t r o n  d e n s i t y  to  t r u e  mass d e n s i t y  as a
f u n c t io n  o f  t r a n s m is s io n  o f  84  keV  p h o to n s  th ro u g h  th e  o b je c t .  
Sym bols as f ig u r e  3 . 1 .  The le a s t  s q u a re s  f i t t e d  s t r a i g h t  l i n e  
to  th e  d a ta  f o r  th e  wooden b lo c k s  is  a ls o  shown ( i n t e r c e p t  -  
0 .3 6 4 ;  s lo p e  » 0 . 1 9 9 ) .
standard i s  g iven , from equation 2 .2 2 , by
F o r  human m easu re m e n ts  th e  r a t i o  o f  a to m ic  num ber to  a to m ic  mass f o r  lu n g  
t is s u e  and  w a te r  a r e  e q u a l ( S e c t io n  2 . 6 . 1 ) .  I t  was assum ed t h a t  t h i s  was 
t r u e  a ls o  f o r  th e  wooden o b j e c t s .  To d e r i v e  a v a lu e  f o r  - f a -  f o r  w ood, 
e ig h t  s m a ll  s a m p le s , e ac h  o f  a p p r o x im a t e ly  50  mg, w ere  ta k e n  fro m  v a r io u s  
lo c a t io n s  i n  a s in g le  b lo c k  o f  p i n e .  C a rb o n  and h y d ro g e n  c o n c e n t r a t io n s
w e re  m ea su re d  f o r  e ac h  sam ple  ( M ic r o a n a ly s is  L a b . L t d . ,  T o r o n t o ) .  The
4* +c a rb o n  c o n t e n t  was 4 8 .3 8  -  0 .6 5 % ; th e  h y d ro g e n  c o n te n t  was 6 .6 7  -  0 .1 2 % .
A ssum ing  t h a t  th e  o n ly  o t h e r  e le m e n t  p r e s e n t  was o x y g e n , th e  c a l c u la t e d
v a lu e  o f f  — J was 0 .5 3 3 .  The c a l c u l a t e d  v a lu e  o f  ( f a \  i s  0 . 5 5 5 .  T h i s -------------
U / L  U / s
d i f f e r e n c e  i s  n o t  s u f f i c i e n t  t o  e x p l a i n  th e  e r r o r s  shown i n  S e c t io n  3 . 2 .
To  v a l i d a t e  th e  e le m e n t a l  a n a ly s is  o f  p in e  and  t o  t e s t  th e  a s s u m p tio n
t h a t  th e  o n ly  o t h e r  e le m e n t  p r e s e n t  a p a r t  f ro m  h y d ro g e n  and c a rb o n  was
o x y g e n , a  mass a t t e n u a t io n  c o e f f i c i e n t  was c a l c u l a t e d  f o r  8 4  k e V  p h o to n s
in  p in e .  E le m e n ta l  c ro s s  s e c t io n s  w e re  ta k e n  fro m  th e  t a b le s  o f  S to rm
and I s r a e l  (1 9 7 0 )  and  w e re  f i t t e d  t o  a p o w er f u n c t io n  by th e  m etho d  o f
l e a s t  s q u a re s  t o  d e r i v e  th e  e le m e n t a l  c ro s s  s e c t io n  a t  8 4 .3  k e V .
A t t e n u a t io n  c o e f f i c i e n t s  f o r  wood and w a te r  w e re  c a l c u l a t e d  u s in g  th e
f r a c t i o n a l  w e ig h ts  f o r  e a c h  e le m e n t  i n  wood and w a t e r .  The c a l c u l a t e d
v a lu e s  a r e  c o m p ared , i n  t a b le  3 . 2 ,  w i t h  m e a s u re d  v a lu e s  d e r iv e d  fro m  th e
170  2 -1t r a n s m is s io n  o f  th e  '  Tm s o u r c e . The v a lu e  o f  0 .1 7 7  cm g c a l c u l a t e d
f o r  w a te r  a g re e s  w i t h  t h a t  g iv e n  b y  H u b b e l l  ( 1 9 7 7 )  . The mean v a lu e  m ea su re d
9 -1f o r  p in e ,  m a p le  and b a ls a  was 0 .1 6 8  cm g "  . T h ese  r e s u l t s  c o n f i r m  th e  
m ea su re d  e le m e n t a l  c o m p o s it io n  o f  p in e  and a ls o  d e m o n s tra te  t h a t  th e  
e le m e n t a l  c o m p o s it io n  o f  th e  t h r e e  woods 13 s i m i l a r .
TABLE 3.2
C a lc u la t e d  and m easured  l i n e a r  a t t e n u a t io n  c o e f f i c i e n t s  a t  84  k e V .
O b je c t
C a lc u la te d  
N arro w  Beam
j C o e f f i c i e n t
2 -1  c n r i. g fc
O b je c t
D e n s ity
-3g.cra
O b je c t
L e n g th
cm
M easured
T ra n s m is s io n
( I / I 0 )
M easu red
C o e f f i c i e n t
2 -1  cm .g
W a te r 0 .1 7 7 1 .0 1 2 .0 0 .1 1 9 0 .1 7 7
P in e 0 .1 7 3 0 .4 7 5 2 1 .0 0 .1 9 2 0 .1 6 5
B a ls a 0 .1 7 3 0 .1 1 6 2 1 .0 0 .6 5 4 0 .1 7 4
M ap le 0 .1 7 3 0 .7 8 3 2 1 .0 0 .0 6 7 0 .1 6 4
The e r r o r  f o r  b o th  th e  m easu red  and c a lc u la t e d  c o e f f i c i e n t  is  a b o u t 5%.
A f a c t o r  w h ic h  was shown (K e n n e t t  and  W e b b e r, 1 9 7 6 ) to  be o f  l i t t l e  
c o n c e rn  i n  h e e l  bone d e n s i t y  m ea su re m e n ts  was n o n - i d e n t i c a l  g e o m e try .
The o r i g i n  o f  t h i s  e f f e c t  c an  be see n  fro m  f i g u r e  3 . 3 .  P h o to n s  o f  th e  
i n c i d e n t  and  s c a t t e r e d  beam d e s c r ib e  d i f f e r e n t  p a th s  fro m  p h o to n s  o f  th e  
t r a n s m i t t e d  beam . D i f fe r e n c e s  i n  a t t e n u a t io n  may t h e r e f o r e  e x i s t  i n
in hom o gen eous o b j e c t s .  S in c e ,  u n d e r  th e s e  e x p e r im e n t a l  c o n d i t io n s ,  th e  --------
o b je c t s  w e re  hom ogeneous, n o n - i d e n t i c a l  g e o m e try  c a n n o t c o n t r ib u t e  to  th e  
d i f f e r e n c e s  o b s e rv e d . H o w e v e r, t h i s  e f f e c t  s h o u ld  be c o n s id e re d  f u r t h e r  
when i i i  v iv o  m ea su re m e n ts  a r e  m a d e .
3 * 3 . 4  F i n i t e  G e o m etry
A n o th e r  f a c t o r  w h ic h  was shown t o  be o f  l i t t l e  c o n c e rn  i n  h e e l  bone  
d e n s i t y  m easu rem en ts  was f i n i t e  g e o m e try . The o r i g i n  o f  t h i s  e f f e c t  i s  
shown i n  f i g u r e  3 . 4 .  The a v e ra g e  a t t e n u a t io n  f o r  th e  tw o p h o to n  p a th s  
( l a b e l l e d  1 and 2 i n  f i g u r e  3 . 4 )  o f  th e  i n c id e n t  and s c a t t e r e d  beams is  
n o t  e q u a l t o  th e  a t t e n u a t io n  f o r  th e  c e n t r a l  p h o to n  p a t h .  In  th e  t r a n s m i t t e d  
beam , th e  a v e ra g e  a t t e n u a t io n  f o r  th e  tw o p h o to n  p a th s  i s  e q u a l to  th e  
a t t e n u a t io n  f o r  th e  c e n t r a l  p a t h .  T h u s , m ea su re m e n ts  o f  t r a n s m is s io n  w i l l  
n o t  c o r r e c t  c o m p le te ly  f o r  a t t e n u a t io n  o f  th e  in c id e n t  and s c a t t e r e d  beam s. 
The e r r o r  w i l l  be d e p e n d e n t on t he d ia m e te r  o f  th e  beam and t h e r e  w i l l  be a  
d e c re a s e  i n  a p p a re n t  d e n s i t y  when th e  t r u e  d e n s i t y  i s  le s s  th a n  t h a t  o f  
th e  w a te r  s t a n d a r d .  P r e d ic t io n s  b a sed  on a s i m p l i f i e d  m o d e l (A p p e n d ix  I )  
showed t h a t  th e  e f f e c t  w o u ld  be s i g n i f i c a n t  b u t  c o u ld  n o t  a c c o u n t  f o r  th e  
d i f f e r e n c e s  o b s e rv e d .
To t e s t  th e  p r e d i c t i o n  t h a t  th e  e r r o r  due to  f i n i t e  g e o m e try  was 
d e p e n d e n t upon beam d ia m e t e r ,  th e  a p p a r e n t  d e n s i t i e s  o f  th e  p in e  b lo c k s
3 . 3 . 3  N on-Identical Geometry
FIGURE 3 . 3 .  I l l u s t r a t i o n  o f  th e  n o n - i d e n t i t y  o f  th e  s c a t t e r in g  and  
t r a n s m is s io n  g e o m e tr ie s .
1 2
BEAM
TRANSMITTED
BEAM
FIGURE 3 . 4 .  I l l u s t r a t i o n  o f  th e  e f f e c t  o f  f i n i t e  in s te a d  o f  i n f i n i t e s i m a l  
beam g e o m e try .
w e re  re m e a s u re d  a f t e r  th e  beam d ia m e te r  h ad  b e e n  d e c re a s e d  b y  c o l l i m a t i o n  
o f  b o th  s o u rc e s  and b o th  d e t e c t o r s .  E ach  c o l l i m a t o r  c o n s is te d  o f  37  
t a n ta lu m  tu b e s  5 .1  cm lo n g ,  0 .2  cm i n t e r n a l  d ia m e te r  and 0 .0 1  cm w a l l  
th ic k n e s s  p a c k e d  i n t o  a n  a lu m in u m  c y l i n d e r .  The c y l in d e r s  f i t t e d  s n u g ly  
in s id e  th e  b o re s  o f  th e  s o u rc e  and d e t e c t o r  le a d  b lo c k s .  The e f f e c t  o f  
th e s e  c o l l i m a t o r s  on th e  d ia m e te r  o f  th e  in c id e n t  beam a t  th e  p o in t  o f  
i n t e r s e c t i o n  o f  th e  p r im a r y  and s e c o n d a ry  beams i s  shown in  f i g u r e  3 . 5 .
The r a t i o  o f  a p p a r e n t  t o  t r u e  d e n s i t y  as a f u n c t io n  o f  t r a n s m is s io n  
i s  shown f o r  th e  n a rro w  beam s y s te m  in  f i g u r e  3 . 6 .  S in c e  th e  c o l l i m a t i o n  
was s e v e re  i n  t h i s  e x p e r im e n t  cou n t  r a t e s  w e re  r e l a t i v e l y  lo w . The e r r o r  
due to  c o u n t in g  s t a t i s t i c s  f o r  e a c h  a p p a r e n t  d e n s i t y  i s  show n. A ls o  shown 
i s  th e  w e ig h te d  l e a s t  s q u a re s  f i t  o f  th e  d a ta  to  a s t r a i g h t  l i n e .  I f  
f i n i t e  g e o m e try  was th e  s o le  s o u rc e  o f  e r r o r ,  i t  w o u ld  be e x p e c te d  t h a t  
th e  a p p a r e n t  t o  t r u e  d e n s i t y  w o u ld  be b o th  c o n s ta n t  f o r  a  g iv e n  beam  
s iz e  and c lo s e  to  u n i t y  f o r  th e  n a rro w  beam g e o m e try . J?or th e  b ro a d  beam  
s ys tem  th e  r a t i o  in c r e a s e d  w i t h  o b j e c t  s i z e  ( f i g u r e  3 . 2 ) .  I n  th e  n a rro w  
beam s ys tem  th e  r a t i o  i s  r e l a t i v e l y  c o n s ta n t  b u t  i s  c o n s id e r a b ly  le s s  th a n  
u n i t y .  C l e a r l y  a n o th e r  f a c t o r  i s  in v o lv e d  as w e l l  as  f i n i t e  g e o m e try .
U n f o r t u n a t e ly  n o t  o n ly  th e  in f lu e n c e  o f  f i n i t e  g e o m e try  w o u ld  h a ve  
b een  ch an g ed  in  t h is  e x p e r im e n t  b u t  a ls o  th e  e f f e c t  o f  m u l t i p l e  s c a t t e r in g  
w i l l  h a ve  b e en  a l t e r e d .  F o r  humans o f  n o rm a l d e n s i t y  and s iz e  t r a n s m is s io n  
w i l l  be a b o u t 1 . 7 .  C o in c id e n t a l l y  th e  e r r o r  f o r  t h i s t r a n s m is s io n  i s  th e  
same f o r  b o th  b ro a d  and n a rro w  b eam s.
3 . 3 . 5  S m a ll A n g le  S c a t t e r in g
I f  c o h e re n t  s c a t t e r in g  i s  im p o r t a n t  th e n  d i f f e r e n c e s  w i l l  be o b s e rv e d  
b e tw e e n  m ea su re d  and c a l c u la t e d  n a rro w  beam a t t e n u a t io n  c o e f f i c i e n t s .
FIGURE 3 . 5 .  The e f f e c t  o f  th e  5 .1  cm lo n g  ta n tu lu m  tu b e  c o l l i m a t o r  on 
th e  in c id e n t  beam ( t o  s iz e )  .
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FIGURE 3 . 6 .  R a t io  o f  a p p a re n t  to  t r u e  d e n s i t y  as a f u n c t io n  o f  t r a n s m is s io n  
f o r  th e  n a rro w  beam s y s te m .
The c o e f f i c i e n t s  m ea su re d  w i t h  and w i t h o u t  c o l l i m a t o r s  a r e  com p ared  to  
th e  c a lc u la t e d  c o e f f i c i e n t s  in  t a b le  3 . 3 .  I t  c a n  be s ee n  t h a t  t h e r e  i s  
good a g re e m e n t and t h a t  n a rro w  beam g e o m e try  a p p l i e s .  Thu s s m a ll  a n g le  
in c o h e r e n t  s c a t t e r in g  w i l l  n o t  in f l u e n c e  t r a n s m is s io n  m ea su re m e n ts  in  
t h i s  s y s te m . In  t a b le  3 . 4 ,  c a l c u l a t e d  p a r t i a l  a t t e n u a t io n  c o e f f i c i e n t s  
a re  p r e s e n te d  t o  show t h a t  th e  p h o t o e l e c t r i c  and c o h e r e n t  c o e f f i c i e n t s  
a r e  s m a ll  com p ared  t o  th e  in c o h e r e n t  c o e f f i c i e n t s .
3 . 3 . 6  C ro s s  S e c t io n  Shape
D i f f e r e n c e s  i n  c ro s s  s e c t io n a l  sh ap e  b e tw e e n  th e  sam p le  and  th e  
s ta n d a r d  c o u ld  le a d  t o  e r r o r s .  As i l l u s t r a t e d  i n  f i g u r e  3 . 7 ,  f o r  th e  
o b je c t  o f  c i r c u l a r  c ro s s  s e c t io n  th e  a v e ra g e  p h o to n  p a th  le n g t h  in  th e  
i n c i d e n t  beam i s  le s s  th a n  t h a t  i n  th e  t r a n s m i t t e d  beam . Thus i f  a 
c y l in d r i c a l  w a te r  s ta n d a r d  i s  u s ed  t o  c a l i b r a t e  a  s ys tem  f o r  th e  m easu rem en t  
o f  d e n s i t y  o f  s am p les  w i t h  s q u a re  c ro s s  s e c t io n s ,  e r r o r s  w i l l  a r i s e  w h ic h  
w i l l  become m ore a p p a re n t  as th e  r a t i o  o f  beam s iz e  to  o b je c t  s i z e  in c r e a s e s .
The c o n t r i b u t io n  o f  t h i s  e f f e c t  i n  th e  lu n g  d e n s i t y  s ys tem  was t e s t e d  by  
m e a s u r in g  th e  a p p a re n t  d e n s i t y  o f  w a te r  c o n ta in e d  w i t h i n  c y l i n d r i c a l  v e s s e ls  
r a n g in g  in  d ia m e te r  fro m  8 .5  cm to  1 9 .0  cm and w i t h in  a s q u a re  v e s s e l  o f  
s id e  1 5 .0  cm. The r e s u l t s  a re  shown in  f i g u r e  3 . 8 .  The a p p a re n t  d e n s i t y  
f o r  th e  f o u r  v e s s e ls  o f  c i r c u l a r  c ro s s  s e c t io n  c o u ld  be f i t t e d  by a 
w e ig h te d  l e a s t  s q u a re s  f i t  t o  a s t r a i g h t  l i n e .  The p r e d ic t e d  v a lu e  o f  
th e  r a t i o  o f  th e  m ea su re d  t o  th e  known d e n s i t y  f o r  th e  s q u a re  v e s s e l  was 
1 .1 2 2 .  The o b s e rv e d  v a lu e  was 1 .0 8 5 .  T h is  e f f e c t  c a n n o t a c c o u n t f o r  th e  
o b s e rv e d  d i f f e r e n c e s .
8 0
4-
TABLE 3.3
C o m p ariso n  o f m easu red  l i n e a r  a t t e n u a t io n  c o e f f i c i e n t s  a t  84  keV  w i th  
and w ith o u t  ta n ta lu m  c o l l i m a t o r s .
O b je c t M easu red  A t t e n u a t io n  C o e f f i c i e n t  (cm2 . g - ^) C a lc u la t e d
W ith o u t  C o l l im a t o r s W ith  C o l l im a t o r s C o e f f i c i e n t
c i / . g " !  j
W a te r 0 .1 7 7 0 .1 8 1 0 .1 7 7
P in e 0 .1 6 5 0 .1 6 9 0 .1 7 3
The e r r o r  f o r  b o th  th e  m easu red  and c a lc u la t e d  c o e f f i c i e n t  is  a b o u t 5%.
TABLE 3 .4
C a lc u la t e d  P a r t i a l  A t t e n u a t io n  
(cm 2 .g ~ * )  a t  8 4 .3  keV
C o e f f ic ie n t s
P h o t o e le c t r ic C o h e re n t In c o h e r e n t
W a te r 0 .0 0 5 0 .0 0 7 0 .1 6 5
Wood 0 .0 0 3 0 .0 0 6 0 .1 5 9
FIGURE 3 . 7 .  I l l u s t r a t i o n  o f  th e  e f f e c t  o f  d i f f e r e n c e s  in  c ro s s  s e c t io n a l  
s h a p e .
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FIGURE 3 . 8 .  The r a t i o  o f  m easu red  to  t r u e  d e n s i t y  f o r  w a te r  c o n ta in e d  
in  v e s s e ls  o f  v a r io u s  c ro s s  s e c t io n a l  s h a p e s .
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t o  t r u e  d e n s i t y  and o b je c t  t r a n s m is s io n  p r e d ic t e d  a v a lu e  f o r  th e  w a te r
s ta n d a r d  w h ic h  was 2 1 .5 7 . lo w . When a l lo w a n c e s  a r e  made f o r  th e  — d i f f e r e n c e s
A
b e tw e e n  wood and w a t e r  and th e  e f f e c t s  o f  f i n i t e  g e o m e try , t h i s  e r r o r  i s  
re d u c e d  t o  1 3 .4 7 ..  T h ^ r a o s t  l i k e l y  s o u rc e  o f  t h i s  e r r o r  i s  m u l t i p l e  
s c a t t e r i n g  s in c e ,  a t  an  i n c id e n t  beam e n e rg y  o f  1 0 3 .2  k e V , in c o h e r e n t
s c a t t e r i n g  d o m in a te s . T h is  i s  s u p p o r te d  b y  th e  c h a r a c t e r i s t i c  d e p e n d en ce  
o f  th e  a p p a r e n t  d e n s i t y  on o b j e c t  s i z e  and d e n s i t y .  C o n s e q u e n t ly ,  f o r  
th e  r e m a in d e r  o f  t h i s  c h a p te r  a t t e n t i o n  i s  fo c u s s e d  on th e  p ro b le m  o f  
m u l t i p l e  s c a t t e r i n g .
3 *4  M u l t i p l e  S c a t t e r in g
3 . 4 . 1  In t r o d u c t io n
The d e t e c t io n  o f  gamma r a y s  w h ic h  h a ve  b e en  s in g l y  s c a t t e r e d  in c o h e r e n t l y  
i s  c o m p lic a te d  by th e  f a c t  t h a t ,  as  f a r  as  th e  d e t e c t o r  is  c o n c e rn e d , i t  i s  
im p o s s ib le  t o  r e l a t e  th e  e n e rg y  o f  a  d e t e c t e d  p h o to n  to  th e  num ber o f  
s c a t t e r i n g  i n t e r a c t i o n s  s u f f e r e d  by  th e  p h o to n . The e n e rg y  s p e c tru m  o f  
m u l t i p l y  s c a t t e r e d  p h o to n s  i s  c o n t in u o u s  and  e x te n d s  th r o u g h o u t  and beyo nd  
th e  s in g l y  s c a t t e r e d  s p e c tru m .
The e n e rg y  r e t a in e d  b y  a p h o to n  a f t e r  i t  has s c a t t e r e d  in c o h e r e n t l y  
fro m  an  e le c t r o n  i s  g iv e n  by  e q u a t io n  2 . 4 .  In  th e  d e r i v a t i o n  o f  t h i s  
e q u a t io n  i t  was assum ed t h a t  th e  e le c t r o n  was s t a t io n a r y  b e f o r e  th e  c o l l i s i o n .  
I f  i t  was n o t ,  an  a d d i t i o n a l  te rm  i s  r e q u i r e d  t o  a c c o u n t f o r  th e  t o t a l  
p r e - c o l l i s i o n  e n e rg y  o f  th e  e l e c t r o n .  T h is  f a c t  h as  b e en  e x p l o i t e d  to  
d e r i v e  momentum d i s t r i b u t i o n s  o f  e le c t r o n s  i n  m a t t e r  fro m  m easu re m e n ts  o f  
th e  e n e rg y  d i s t r i b u t i o n  o f  Com pton s c a t t e r e d  p h o to n s . The te c h n iq u e  h as
3. 3 . 7  D iscu ssion  —------
For wooden ob jects the observed r e la t io n  between the r a t io  of apparent
p ro v e d  to  be s e n s i t i v e  to  th o s e  e le c t r o n s  w h ic h  p a r t i c i p a t e  i n  b o n d in g  
w i t h i n  s o l id s  ( P a t t i s o n  and S c h n e id e r ,  1 9 7 9 ) .  H o w e v e r, th e  m eth o d  assum es  
t h a t  d e te c te d  p h o to n s  s u f f e r  o n ly  a s in g le  Com pton c o l l i s i o n .  M onte  C a r lo  
c a l c u l a t i o n s  h ave  shown t h a t  a t  l e a s t  d o u b le  s c a t t e r i n g  (T a n n e r  and E p s t e in ,  
1 9 7 6 b ) ,  and  p r o b a b ly  t r i p l e  s c a t t e r i n g  ( F e l s t e i n e r  e t  a l ,  1 9 7 4 ) ,  o f  p h o to n s  
w i l l  be o f  im p o r ta n c e  i n  _the me a s u re d  p h o to n  e n e rg y  p r o f i l e s .  F ig u r e  3 .9  
p r e s e n ts  m u l t i p l e  s c a t t e r in g  c o n t r i b u t i o n s ,  e x p re s s e d  as  f r a c t i o n s  o f  th e  
t o t a l  i n t e n s i t y  o b s e rv e d  a t  a  s c a t t e r i n g  a n g le  o f  1 5 0 ° , c a l c u l a t e d  f o r  
i n c i d e n t  p h o to n s  o f  tw o  d i f f e r e n t  e n e r g ie s  ( F e l s t e i n e r  and P a t t i s o n ,  1 9 7 5 ) .
The c a l c u l a t i o n s  w e re  done f o r  sam p le s  up to  3 cm t h i c k  and th ic k n e s s e s  
h a ve  b e en  p r e s e n te d  i n  f i g u r e  3 . 9  as  f r a c t i o n s  o f  th e  mean f r e e  p a th  f o r  
in c id e n t  p h o to n s  w i t h in  th e  o b j e c t .  I t  c an  be see n  t h a t  m u l t i p l e  s c a t t e r i n g  
c o n t r i b u t io n s  a r e  s m a ll  and c o n s ta n t  a t  b o th  e n e r g ie s  when th e  a to m ic  
num ber o f  th e  o b je c t  i s  s m a l l .  T h is  r e f l e c t s  th e  lo w  p r o b a b i l i t y  t h a t  a  
p h o to n  can  be s c a t t e r e d  tw ic e  w i t h i n  such an o b j e c t .  As th e  a to m ic  num ber 
in c r e a s e s  m u l t i p l e  s c a t t e r i n g  c o n t r i b u t io n s  r i s e  to  a maximum and th e n  f a l l .
The c o n t r i b u t io n  f a l l s  b e c a u s e  th e  p a th s  w h ic h  a p h o to n  can  f o l l o w  in  o r d e r  
t o  be s c a t t e r e d  m ore th a n  once a r e  r e s t r i c t e d  b y  th e  r e l a t i v e l y  h ig h
f°'- v'cv/ ofUS'jr+’VVsiA.)
p h o to e l e c t r i c  c ro s s  s e c t io n .  T h is  e f f e c t  i s  n o t  so a p p a r e n t ,  b u t  i s  s t i l l  
o b v io u s , a t  1 60  k e V . T h e  c o n c lu s io n  o f  t h is  w o rk  was t h a t  m u l t i p l e  s c a t t e r i n g  
c o n t r i b u t i o ns c a n  be m in im iz e d  by  u s in g  sam p le s  w h ic h  a r e  t h i n  com p ared  to  
th e  m ean f r e e  p a th  i n  th e  o b j e c t ; a  c o n c lu s io n  c o m p a t ib le  w i t h  t h a t  re a c h e d  
i n  S e c t io n  3 . 3 . 1 .
The r e s u l t s  o f  F e l s t e i n e r  an d  P a t t i s o n  (1 9 7 5 )  s u g g e s t t h a t  m u l t i p l e  
e v e n ts  w i l l  be  s i g n i f i c a n t  i n  s c a t t e r i n g  m ea su re m e n ts  o f  d e n s i t y  in  th e  
human lu n g .  A ssu m in g  a d e n s i t y  o f  0 .3  g .c m " 3 , th e  mean f r e e  p a th  f o r
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FIGURE 3 . 9 .  F r a c t io n  o f t o t a l  s c a t t e r e d  i n t e n s i t y  w h ic h  is  due to  m u l t ip l e
s c a t t e r in g  i n  v a r io u s  o b je c ts  a t  two p h o to n  e n e r g ie s  ( F e l s t e i n e r  
and P a t t i s o n ,  1 9 7 5 ) .
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in c id e n t  p h o to n s  o f  1 0 3 .2  k eV  i s  a b o u t 20  cm (K im , 1 9 7 4 ) .  The  o b je c t  
t h ic k n e s s  w i l l  be a b o u t  2 0  cm . From  f i g u r e  3 . 9 ,  th e  m u l t i p l e  s c a t t e r  
c o n t r i b u t io n  c a n  be e x p e c te d  t o  be a t  l e a s t  0 . 2 .
O th e r  s t u d ie s  o f  th e  in f lu e n c e  o f  m u l t i p l e  s c a t t e r i n g  i n  e le c t r o n  
momentum d i s t r i b u t i o n  m e a su re m e n ts  h a ve  shown t h a t  th e  s c a t t e r i n g  p ro c e s s  
r a p i d l y  rem oves th e  a n g u la r  d e p e n d en ce  o f  s in g le  s c a t t e r i n g .  The d i s t r i b u t i o n  
i s  e s s e n t i a l l y  i s o t r o p ic  a f t e r  j u s t  tw o e v e n ts  (Duraond, 1 9 3 0 ; T a n n e r  and  
E p s t e in ,  1 9 7 6 a ) . T a n n e r  and E p s t e in  (1 9 7 6 a )  a ls o  showed t h a t  th e  e x p e r im e n t a l  
g e o m e try , t h a t  i s , f a c t o r s  such as th e  s am p le  th ic k n e s s  and th e  d ia m e te r  o f  
th e  i n c id e n t  p h o to n  beam , w i l l  be  th e  p r i n c i p a l  d e te r m in a n ts  o f  th e  i n t e n s i t y  
and a n g u la r  d i s t r i b u t i o n  o f  m u l t i p l y  s c a t t e r e d  p h o to n s .
F o r  in  v iv o  s c a t t e r i n g  m ea su re m e n ts  o f  t is s u e  d e n s i t y  i t  i s  n o t  p o s s ib le  J 
t o  c o n t r o l  th e  s iz e  o f  th e  o b je c t  t o  re d u c e  m u l t i p l e  s c a t t e r  c o n t r ib u t io n s  jf
a n d , fro m  th e  r e s u l t s  o f  s e v e r a l  s t u d ie s ,  i t  has  b een  shown t h a t  m u l t i p l e
j
s c a t t e r i n g  i s  s i g n i f i c a n t .  F o r  e x a m p le , when to m o g ra p h ic  im ag es  o f  e l e c t r o n  I
|
d e n s i t y  d i s t r i b u t i o n s  a r e  m e a s u re d , th e  o b s e rv e d  im age c o n t r a s t  was re d u c e d  j 
to  a p p r o x im a te ly  h a l f  t h a t  e x p e c te d  b e c a u s e  o f  m u l t i p l e  s c a t t e r i n g  ( C la r k e  
e t  a l ,  1 9 7 6 ; F a rm e r  and C o l l i n s ,  1 9 7 4 ) .
In  f i x e d  p o i n t  d e n s i t o m e t r ic  m e a s u re m e n ts , m u l t i p l e  s c a t t e r i n g  w i l l  
in f l u e n c e  r e s u l t s  when th e  m u l t i p l e  s c a t t e r  c o n t r i b u t io n  w i t h i n  th e  o b je c t  
i s  d i f f e r e n t  fro m  t h a t  w i t h i n  th e  c a l i b r a t i o n  s ta n d a r d .  R e is s  and S chusterJ
I
( 1 9 7 2 )  c la im e d  t h a t  f o r  m ea su re m e n ts  o f  lu n g  d e n s i t y  i n  c h i l d r e n  u s in g
137 Ii n c id e n t  p h o to n s  fro m  a Cs s o u rc e  (6 6 2  k e V ) , th e  c o n t r i b u t io n  fro m
)I
m u l t i p l e  s c a t t e r in g  was le s s  th a n  10% . No m e a s u ra b le  e f f e c t s  o f  m u l t i p l e  
s c a t t e r i n g  w e re  r e p o r t e d  i n  s m a ll  g e o m e try  sys tem s  f o r  bone d e n s i t y
1 Qft 60m ea su re m e n t u s in g  e i t h e r  Au (4 1 1  k e V ) o r  Co (m ean e n e rg y  1 25 0  k e V )
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s o u rc e s  ( G a r n e t t  e t  a l ,  1 9 7 3 ; C la r k e  and  V an D y k , 1 9 7 3 ) .  H a za n  e t  a l  
( 1 9 7 7 )  c o n s id e r e d  th e  e f f e c t s  o f  m u l t i p l e  s c a t t e r i n g  t o  l i e  w i t h i n  th e  
e r r o r  o f  t h e i r  m eth o d  (6 6 2  k e V ) . Thus i t  w o u ld  a p p e a r  t h a t ,  a t  r e l a t i v e l y  
h ig h  i n c id e n t  beam e n e r g ie s ,  m u l t i p l e  s c a t t e r i n g  i s  n o t  im p o r t a n t .  H o w e v e r, 
t o  re d u c e  th e  a b s o rb e d  do se  p e r  m e a su re m e n t by  an  o r d e r  o f  m a g n itu d e  to  
a b o u t 5 mSv (5 0 0  m re m ), th e  in c id e n t  p h o to n  e n e rg y  s h o u ld  be o f  th e  o r d e r
5
o f  1 00  k e V  ( S e c t io n  3 . 4 . 2 ) .  lo w e r  beam e n e r g ie s  th e  e f f e c t s  o f  m u l t i p l e  
s c a t t e r in g  a r e  e v id e n t  ( S e c t io n  3 . 3 . 7 ) .  S u r p r i s i n g ly  no m e n t io n  o f  a  
m u l t i p l e  s c a t t e r i n g  c o n t r i b u t io n  was made by  K aufm an e t  a l  ( 1 9 7 6 )  when th e y  
d e s c r ib e d  t h e i r  s y s te m  f o r  th e  m ea su re m e n t o f  lu n g  d e n s i t y  u s in g  a 133Gd 
s o u rc e  (m ean e n e rg y  1 00  k e V ) .
S in c e  i n  a n y  d ia g n o s t ic  p r o c e d u re  u s in g  i o n i z i n g  r a d i a t i o n ,  th e  p r im e  | 
c o n s id e r a t io n  m u st be t o  re d u c e  th e  r a d i a t i o n  dose to  th e  m inim um  c o m p a t ib le  j 
w i t h  d ia g n o s t ic  a c c u r a c y , th e  i n i t i a l  a p p ro a c h  m ust be to  e x p lo r e  m ethod s J
w h ic h  a l lo w  f o r  th e  c o r r e c t io n  o f  m u l t i p l e  s c a t t e r i n g  e f f e c t s  w h i le  u s in g  
a dose o p t im iz e d  beam e n e r g y .
3 . 4 . 2  Optim um  E n e rg y  f o r  Lung D e n s i t y  M ea s u rem en ts
I t  was shown i n  S e c t io n  3 . 3 . 1  t h a t ,  t o  a f i r s t  a p p r o x im a t io n ,  th e  r a t i o  
o f  th e  num ber o f  m u l t i p l y  s c a t t e r e d  p h o to n s  (M ) to  th e  num ber s in g ly  
s c a t t e r e d  (N ) c a n  be r e l a t e d  to  th e  t r a n s m is s io n  th ro u g h  th e  o b je c t  o f  
p h o to n s  fro m  th e  s e c o n d a ry  s o u r c e .  T h a t  is
|  «  / •  f a 3 -8-
w h e re  j i a i s  th e  mass a t t e n u a t i o n  c o e f f i c i e n t , ^  th e  d e n s i t y  and a th e  
th ic k n e s s  o f  th e  o b j e c t .  S in c e ,  u n f o r t u n a t e l y ,  i t  i s  n o t  p o s s ib le  to  
c o n t r o l  th e  s iz e  o f  p a t i e n t s  and s in c e  i t  i s  th e  d e n s i t y  t h a t  i s  t o  be 
m e a s u re d , th e  r a t i o  o f  m u l t ip l e  t o  s in g le  e v e n ts  can  be a l t e r e d  o n ly  by
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c h a n g in g  th e  e n e rg y  o f  i n c id e n t  p h o to n s . T h is  s ta te m e n t  ig n o r e s  a n y  
d i f f e r e n c e s  w h ic h  may e x i s t  b e tw e e n  th e  a n g u la r  d i s t r i b u t i o n s  o f  m u l t i p l e  
and s in g le  s c a t t e r i n g .  S in c e  th e  c h o ic e  o f  s c a t t e r i n g  a n g le  ( 9 0 ° )  i s  
d i c t a t e d  by th e  n e c e s s i t y  o f  d e f in i n g  a  s y m m e tr ic a l  s c a t t e r in g  vo lu m e  
( S e c t io n  4 . 2 ) ,  th e  p o s s i b i l i t y  o f  e x p l o i t i n g  th e  r e l a t i v e  in c r e a s e  in  th e  
d i f f e r e n t i a l  s c a t t e r i n g  c ro s s  s e c t io n  a t  o t h e r  a n g le s  i s  e l im in a t e d .
I f  th e  in f lu e n c e  o f  m u l t i p l e  s c a t t e r i n g  w ere  th e  o n ly  c o n s id e r a t io n  
u n d e r ly in g  th e  c h o ic e  o f  i n c id e n t  beam e n e r g y , d e n s i t y  would  b e s t  be  
m easure d  a t  h ig h  e n e r g ie s .  H o w e v e r, o th e r  f a c t o r s  w i l l  be  a f f e c t e d  by  
th e  c h o ic e  o f  i n c id e n t  beam e n e r g y .  C o n s e q u e n t ly  a n  a n a l y s is ,  w h ic h  
in c lu d e d  th e  above d e r iv e d  e x p r e s s io n  f o r  th e  in f l u e n c e  o f  m u l t i p l e
s c a t t e r i n g ,  was u n d e r ta k e n  t o  s e l e c t  th e  a p p r o p r ia t e  e n e r g y . The f a c t o r s
  ~ ' 53j.v-en*m
c o n s id e re d  w e re  th e  f r a c t i o n  o f  p h o to n s  s c a t t e r e d ,  th e  dose r e q u ir e d  f o r  
a m e a s u re m e n t, th e  a t t e n u a t io n  o f  s c a t t e r e d  p h o to n s  and th e  d e t e c t o r  
c o u n t in g  e f f i c i e n c y .  The d ep en d en ce  o f  e a c h  f a c t o r  upon p h o to n  e n e rg y  
was e v a lu a t e d  and n o r m a lis e d  t o  th e  maximum v a l u e .  The p r o d u c t  o f  th e  
n o r m a lis e d  v a lu e  o f  e a c h  f a c t o r  a t  a  g iv e n  e n e rg y  was te rm e d  th e  p e rfo rm a n c e  
o f  th e  s y s te m  a t  t h a t  e n e r g y .
The l a r g e r  th e  f r a c t i o n  o f  p h o to n s  s in g le /  s c a t t e r e d  by an  o b je c t  th e  
g r e a t e r  w i l l  be th e  a c c u ra c y  o f  th e  m easu red  c o u n t r a t e .  The e n e rg y  d ep en d en ce  
o f  th e  num ber o f  s c a t t e r e d  p h o to n s , N , was c o n s id e re d  t o  depend  upon th e  
p r o d u c t  o f  th e  in c o h e r e n t  l i n e a r  a t t e n u a t io n  c o e f f i c i e n t  and th e  f r a c t i o n  
o f  th e  in c id e n t  beam r e m a in in g  a t  th e  c e n t r e  o f  th e  s c a t t e r i n g  v o lu m e .
T h a t  i s ,
3 . 9 .
where a-^  i s  the d istance along the in cid en t beam from the sk in  of the
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p a t i e n t  to  th e  c e n t r e  o f  th e  s c a t t e r i n g  v o lu m e . V a lu e s  o f  ^ f tn c o h and  
a t  d i f f e r e n t  e n e r g ie s  w e re  o b ta in e d  f ro m  t a b le s  (S to rm  and I s r a e l ,  1 9 7 0 )  
an d  fro m  p u b lis h e d  d a ta  f o r  th e  e le m e n t a l  c o m p o s it io n  o f  lu n g  t is s u e  
(S n y d e r  e t  a l ,  1 9 6 9 ) .  The d e n s i t y  o f  th e  lu n g  was assum ed to  be 0 .3  g .c m “3 
and th e  d is t a n c e  a^ was ta k e n  as  10 cm .
I t  i s  d e s i r a b le  t o  re d u c e  t o  a  m inim um  th e  dose a b s o rb e d  b y  a p a t i e n t  
d u r in g  a  m easurem en t . The e n e r g y  d e p e n d en ce  o f  th e  dose r a t e  was a s s e s s e d  
f ro m  th e  e x p r e s s io n
D o t E ,) j i Q  3 .1 0 .
w h ere  E 0  i s  th e  e n e rg y  o f  an  in c i d e n t  p h o to n  and ^ ie i s  th e  e n e rg y  a b s o r p t io n  
c o e f f i c i e n t .  E x p re s s io n  3 .1 0  y i e l d s  th e  e n e rg y  depend en ce  o f  th e  dose r a t e .  
I f  th e  t o t a l  a b s o rb e d  dose f o r  a m ea su re m e n t i s  f i x e d  th e n  th e  r e c ip r o c a l  
o f  D i s  th e  e n e rg y  d ep en d en ce  o f  th e  e x p o s u re  t im e  r e q u i r e d  to  r e a c h  t h i s  
f i x e d  d o s e . The l a r g e r  th e  v a lu e  o f  t h i s  r e c i p r o c a l ,  th e  l a r g e r  w i l l  be  
th e  num ber o f  s c a t t e r e d  p h o to n s  d e te c te d  f o r  th e  f i x e d  a b s o rb e d  d o s e .
The e n e rg y  d ep en d en ce  o f  j i Q  was o b ta in e d  fro m  Kim  ( 1 9 7 4 ) .
The lo w e r  th e  a t t e n u a t io n  o f  s c a t t e r e d  p h o to n s , th e  g r e a t e r  w i l l  b e  .
th e  a c c u ra c y  o f  th e  m e a s u re d  c o u n t r a t e . The e n e rg y  d ep en d en ce  o f  th e  
a t t e n u a t io n  o f  s c a t t e r e d  r a d i a t i o n  was e v a lu a t e d  fro m  th e  e x p r e s s io n
®")ls Ca 3 3 . 1 1 .
w h ere  ja s i s  th e  mass a t t e n u a t io n  c o e f f i c i e n t  f o r  p h o to n s  s i n g l y  s c a t t e r e d
Q '4
th ro u g h  90  and i s  th e  d is t a n c e  a lo n g  th e  s c a t t e r e d  beam fro m  th e  
c e n t r e  o f  th e  s c a t t e r in g  v o lu m e  t o  th e  s k in  o f  th e  p a t i e n t .
The s y s te m  p e rfo rm a n c e  i s  a ls o  d i r e c t l y  d e p e n d e n t upon th e  d e t e c t o r  
c o u n t in g  e f f i c i e n c y , 6 . T h is  was e v a lu a t e d  fro m  th e  e x p r e s s io n
£ 0C 1 -  e ’^ p h o t o f  a 4 3 . 1 2 .
w h ere  p i s  th e  d e n s i t y  and a ^  th e  t h ic k n e s s  o f  th e  N a l ( T l )  d e t e c t o r .  The
(ft = IOCi’A
t h ic k n e s s  o f  th e  d e t e c t o r s  u s e d  i n  th e  c l i n i c a l  s ys tem  w i l l  be 0 .3  cm 
( S e c t io n  4 . 6 . 1 ) .  E q u a t io n  3 .1 2  assum es t h a t  th e  d e t e c t o r  d ia m e te r  i s  
la r g e  com p ared  to  th e  d ia m e te r  o f  th e  beam a c c e p te d  by  th e  d e t e c t o r  
c o l l i m a t o r .  The d ia m e te r  o f  e a c h  d e t e c t o r  w i l l  be 3 . 8  cm; th e  mean f r e e  
p a th  f o r  103 k eV  p h o to n s  i n  N a l ( T l )  i s  0 .1 7  cm and th e  m inim um  c o l l i m a t i o n  
i n  th e  le a d  b lo c k  s h i e ld i n g  th e  d e t e c t o r  w i l l  be a s t r a i g h t  h o l e ,  1 .6  cm 
d ia m e te r  and 3 . 2  cm lo n g .  E x p r e s s io n  3 .1 2  i s  v e r i f i e d  f o r  th e  c l i n i c a l  
s ys tem  i n  S e c t io n  4 . 7 . 3 .
The v a r i a t i o n  w i t h  e n e rg y  f o r  e a c h  o f  th e  above f a c t o r s  i s  shown in  
f i g u r e  3 . 1 0 .  I t  c an  be see n  t h a t  th e  f a c t o r s  c o n c e r n in g  dose an d  c o u n t in g  
e f f i c i e n c y  a r e  p a r t i c u l a r l y  e n e rg y  d e p e n d e n t . S in c e  b o th  o f  th e s e  f a c t o r s  
c a n , t o  a c e r t a i n  e x t e n t ,  be a d ju s t e d  th e  r e m a in in g  t h r e e  f a c t o r s  w e re  
c o m b in ed  to  p ro d u c e  an  i n i t i a l  e v a lu a t io n  o f  th e  e n e rg y  d ep e n d e n c e  o f  
p e r fo r m a n c e .  T h is  i s  shown i n  f i g u r e  3 . 1 1 .  T h e re  i s  a  d r a s t i c  lo s s  o f  
p e r fo rm a n c e  a t  lo w  p h o to n  e n e r g ie s  due t o  th e  h ig h  p h o t o e l e c t r i c  c ro s s  
s e c t io n .
U n f o r t u n a t e l y ,  th e  o p tim u m  e n e rg y  fro m  dose c o n s id e r a t io n s  a lo n e  i s  
a b o u t 6 0  k e V . An in c r e a s e  i n  s o u rc e  e n e rg y  by  e ven  40  keV  fro m  t h i s  
o ptim um  in c r e a s e s  th e  a b s o rb e d  dose b y  25% . A co m prom ise  i s  n e c e s s a r y .  
F ig u r e  3 .1 2 a  shows th e  r e l a t i v e  p e r fo rm a n c e  when th e  dose  d ep en d en ce  i s  
c o m b in ed  w i t h  th e  i n i t i a l  e v a l u a t i o n .  O ptim um  p e rfo rm a n c e  i s  now r e s t r i c t e d  
t o  a n a rro w  r e g io n  o f  b e tw e e n  a b o u t  50  and  1 20  k e V . When th e  a p p r o p r ia t e  
d e t e c t o r  c o u n t in g  e f f i c i e n c y  i s  in c lu d e d ,  th e  e n e rg y  d ep e n d e n c e  i s  eve n  
m ore s h a r p ly  p e a k e d  ( F ig u r e  3 . 1 2 b ) .
The d e t e c t o r  b a c k g ro u n d  c o u n t r a t e  i n  th e  e n e rg y  r e g io n  o f  i n t e r e s t  
w i l l  in f lu e n c e  d i r e c t l y  th e  p e r fo rm a n c e  o f  th e  s y s te m , p a r t i c u l a r l y  when
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FIGURE 3 . 1 0 .  E n e rg y  dependence o f  v a r io u s  f a c t o r s  w h ich  in f lu e n c e  th e  
sys tem  p e r fo rm a n c e .
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FIGURE 3 .
E N E R G Y  (keV )
The dependence o f  p e rfo rm a n c e  upon e n e rg y  when o n ly  th e  
f r a c t i o n  o f  p h o to n s  s c a t t e r e d ,  th e  a t t e n u a t io n  o f  s c a t t e r e d  
p h o to n s  and th e  m u l t i p l e  s c a t t e r  c o n t r ib u t io n  a re  c o n s id e r e d .
ENERGY (keV)
FIGURE 3 . 1 2 .  The dependence o f  p e rfo rm a n c e  upon e n e rg y  when th e  dose
is  in c lu d e d  ( a )  and when b o th  th e  dose and d e t e c t o r  c o u n t in g  
e f f i c i e n c y  a re  in c lu d e d  ( b ) .
th e  p ro p o s e d  d u a l  s o u r c e - d e t e c t o r  m o d u le s  w i l l  be u s e d . N o r m a l ly  
b a c k g ro u n d  is  m in im iz e d  b y  th e  s e l e c t io n  o f  an  e n e rg y  r e g io n  w h ic h  is  
c e n t r e d  a t  th e  a p p r o p r ia t e  e n e rg y  and i s  e q u a l i n  w id th  t o  th e  r e s o lu t i o n  
(FWTM) o f  th e  d e t e c t o r  a t  t h a t  e n e r g y .  H o w e v e r, f o r  s c a t t e r i n g  m easu rem en ts  
th e  s e l e c t io n  o f  an  e n e rg y  r e g io n  dep en d s  upo n  th e  ra n g e  o f  e n e r g ie s  o f  
s i n g l y  s c a t t e r e d  p h o to n s  a l lo w e d  b y  th e  s y s te m  g e o m e try . Thus t h e r e  e x i s t s  
a f i n i t e  e n e rg y  r a n ge w i t h i n  w h ic h  s c a t t e r e d  p h o to n s  a r e  to  be d e t e c t e d .
The s y s te m  g e o m e try  in f lu e n c e s  th e  d e t e c t o r  b a c k g ro u n d . T he d ep en d ence  
o f  b a c k g ro u n d  c o u n t r a t e  upon in c id e n t  beam e n e rg y  c a n n o t be in v e s t i g a t e d  
f u r t h e r  s in c e  i t  w i l l ,  i n  p a r t ,  be d e te r m in e d  by  th e  r a d i o n u c l i d i c  p u r i t y  
o f  th e  s o u r c e . S u f f ic e  t o  s ay  t h a t  as  th e  in c id e n t  p h o to n  e n e rg y  in c r e a s e s ,  
t h i c k e r  N a l ( T l )  d e t e c t o r s  w i l l  be  r e q u i r e d  a n d , i n e v i t a b l y ,  b a c k g ro u n d  
r a t e s  w i l l  r i s e .  A num ber o f  f a c t o r s  w h ic h  in f lu e n c e  b a c k g ro u n d  in  th e  
c l i n i c a l  s y s te m  u s in g  1 3 3 Sra s o u rc e s  a r e  i n v e s t i g a t e d  i n  S e c t io n  4 . 6 .
3 . 4 . 3  The E n e rg y  S p e c tru m  o f  M u l t i p l y  S c a t t e r e d  P h o to n s
When a p la n a r  germ an iu m  d e t e c t o r  i s  p o s i t io n e d  t o  d e t e c t  p h o to n s
Q
s c a t t e r e d  th ro u g h  90  b y  a  21 x  21 x  14  cm p in e  o b je c t  fro m  a  beam o f
1 0 3 .2  keV  p h o to n s , th e  o b s e rv e d  e n e rg y  s p e c tru m  i s  as shown i n  f ig u r e  
3 . 1 3 .  A ls o  shown f o r  p u rp o s e s  o f  c o m p a r is o n  i s  th e  e n e rg y  s p e c tru m  o f  
th e  in c id e n t  p h o to n s  r e c o r d e d  i n  th e  same d e t e c t o r .  I f  l i n e  beams w ere  
a v a i l a b l e  and  i f  no m u l t i p l e  s c a t t e r i n g  was p r e s e n t ,  th e  m a jo r  p e a k  o f  
th e  s c a t t e r e d  s p e c tru m  w o u ld  be o f  th e  same shape as t h a t  o f  th e  i n c id e n t  
s p e c tru m  and th e  c o n tin u u m  i n  th e  s c a t t e r e d  s p e c tru m  w o u ld  n o t  be p r e s e n t .  
T h ese  d i f f e r e n c e s  a re  th e  s u b je c t  o f  th e  f o l l o w in g  c o n s id e r a t io n s .
The d e t e c t o r  u sed  f o r  th e s e  m e a su re m e n ts  was a p la n a r  germ anium  
d e t e c t o r  w i t h  an a c t i v e  a r e a  o f  4 0 0  mra3 , a  s e n s i t i v e  d e p th  o f  1 0 .5  mm
Energy (keV)
FIGURE 3 .1 3  . The in c id e n t  and s c a t t e r e d  s p e c t r a  o b ta in e d  w i th  a HPGe
d e t e c t o r .  The o b je c t  was a 21 x  21 x  14 cm b lo c k  o f p in e .
E n e rg y  (k e V ) O r ig in
9 7 .5 15 3 Sra
8 9 .5 1 5 3 Sm
8 3 .4 1 5 3 S«
7 5 .4 1 5 3 Sa.
6 9 .7 1 3 3 Sm
8 7 .3 Pb K^2
8 4 .8 Pb K f t
7 5 .0 Pb K»x
7 2 .8 Pb k « 2
6 9 .1 W
67 .2 W
5 9 .3 W K * x
5 8 .0 w k « 2
TABLE 3 .5
153M in o r  peaks  in  Sm in c id e n t  s p e c tru m .
th e  i n c id e n t  s p e c tru m  is  7 10  eV ; th e  FWTM is  1 2 8 0  e V . T he FWHM o f  th e
s in g l e  s c a t t e r  p e a k  i s  2 0 6 0  e V . The m in o r  p e a k s  p r e s e n t  i n  th e  i n c id e n t  
s p e c tru m  a r e  l i s t e d  and i d e n t i f i e d  i n  t a b le  3 . 5 .  The tu n g s te n  x - r a y s
w e re  e m it t e d  fro m  a 0 .0 1 3  cm t h i c k  f i l t e r  w h ic h  was u s ed  t o  re d u c e  th e
i n t e n s i t y  o f  th e  6 9 .7  keV  gamma r a y .  The le a d  x - r a y s  a r e  p r e s e n t
d e s p i t e  th e  i n s e r t i o n  o f  a  ta n ta lu m  s h ie ld  s u r r o u n d in g  th e  d e t e c t o r  in s id e  
i t s  le a d  c a s t l e .  The n e c e s s i t y  f o r  t h i s  s h ie ld  i s  d e m o n s tra te d  in  S e c t io n  
4 . 6 . 4 .
A s in g le  1 0 3 .2  k e V  p h o to n  s c a t t e r e d  th ro u g h  9 0 °  w i l l  h a v e  an  e n e rg y  
o f  8 5 .9  keV  c o r r e s p o n d in g  t o  th e  m a jo r  p e a k  i n  th e  s c a t t e r e d  s p e c tru m .
To d e t e rm in e  th e  ra n g e  o f  p h o to n  e n e r g ie s  w h ic h  w o u ld  be a c c e p te d  by  th e  
d e t e c t o r  as  s in g le  i n t e r a c t i o n s ,  i t  was n e c e s s a ry  to  d e f in e  th e  d iv e rg e n c e  
o f  th e  in c id e n t  beam and th e  f i e l d  o f  a c c e p ta n c e  o f  th e  d e t e c t o r .  F i lm s  
(K od ak  X M -2 ) w e re  exp o se d  i n  a  p la n e  p e r p e n d ic u la r  to  th e  beam a t  v a r io u s  
known d is t a n c e s  fro m  th e  c o l l i m a t o r  f a c e .  The r e s u l t a n t  c i r c u l a r  im ages  
( s e e ,  f o r  e x a m p le , f i g u r e  3 . 5 )  w e re  s ca n n e d  w i t h  a  m ic r o d e n s it o m e t e r .  
T y p ic a l  m ic r o d e n s ito m e te r  t r a c in g s  o b ta in e d  when th e  f i l m  was scan n ed  
a t  0 .1  cm i n t e r v a l s  a r e  shown i n  f i g u r e  3 . 1 4 .  The FWHM and FWTM w ere  
m ea su re d  f o r  th e  b r o a d e s t  p r o f i l e .  The in c r e a s e  i n  FWHM and FWTM w i t h  
d i s t an ce  fro m  th e  c o l l i m a t o r  fa c e  o f  th e  s o u rc e  c a s t l e  i s  shown i n  f ig u r e  
3 . 1 5 .  F o r  th e s e  m e a su re m e n ts  a b u n d le  o f  ta n ta lu m  t u b e s ,  s i m i l a r  to  t h a t  
u s e d  i n  S e c t io n  3 . 3 . 4  b u t  o n ly  2 .5  cm lo n g  w e re  in s e r t e d  i n t o  th e  1 .6  by
8 . 0  cm b o re s  o f  th e  s o u rc e  and d e t e c t o r  le a d  c a s t l e s .
From  th e  d a ta  shown i n  f i g u r e  3 .1 5  th e  i n t e r p o la t e d  FWTM a t  25 cm
fro m  th e  c o l l i m a t o r  f a c e  is  3 . 9  cm; th e  d e r iv e d  a n g le  o f  d iv e rg e n c e  i s  2 .6 °
and a 0 .2  mm th ick  beryllium  window. The FWHM of the 103.2 keV peak of
FIGURE 3 .1 4 .  M ic r o d e n s ito m e te r  t r a c in g s  o f  th e  c i r c u l a r  im age o b ta in e d  
by e x p o s in g  a f i l m  to  th e  s o u rc e .
FIGURE 3 .1 5 .  P r o f i l e  o f  th e  in c id e n t  beam used  f o r  Che m easu rem en ts  o f  
f ig u r e  3 . 1 3 .  The FWHM ( ° )  and th e  FWTM ( • )  a r e  shown.
I f  i t  i s  assum ed t h a t  p h o to n s  u n d e rg o in g  s in g le  i n t e r a c t i o n s  c a n  be
d e te c te d  o n ly  when th e y  a r e  s c a t t e r e d  i n t o  a cone i d e n t i c a l  to  t h a t
fo rm e d  b y  th e  i n c id e n t  beam , th e n  th e  ra n g e  o f  a l lo w a b le  s in g le  s c a t t e r
0
a n g le s  i s  fro m  8 4 .8  to  9 5 .2  an d  th e  c o r r e s p o n d in g  p h o to n  e n e r g ie s  a r e
8 7 .2  t o  8 4 .6  k e V . When th e  e n e rg y  r e s o l u t i o n  o f  th e  d e t e c t o r  i s  added
t o  t h i s  e x p e c te d  e n e rg y  r a n g e ,  th e  v a lu e  3 .6  k eV  i s  o b t a in e d .  T h is  i s
s i m i l a r  t o  th e  FWTM o f  th e  s in g le  s c a t t e r  p e a k  shown i n  f i g u r e  3 .1 3
a lth o u g h  t h i s  i s  d i f f i c u l t  to  d e f in e  p r e c i s e l y  b e c a u s e  th e  shap e o f  th e
c o n tin u u m  i s  c h a n g in g  r a p i d l y .
O th e r  p e a k s  o b s e rv e d  in  th e  s c a t t e r e d  s p e c tru m  c o rre s p o n d  to  th e
K « { ( 5 7 .5  and 5 6 .3  k e V ) and  K p ( 6 5 . 2  and 6 7 . 0  k e V ) x - r a y s  o f  t a n t a lu m .
T h e s e  p e a k s  a r e  o b s e rv e d  i n  th e  d e t e c t o r  b a c k g ro u n d  s p e c tru m  w h ic h  i s
com p ared  t o  th e  s c a t t e r e d  s p e c tru m  i n  f i g u r e  3 . 1 6 .  The b a c k g r ound sp e c tru m
was m ea su re d  w i t h  th e  s o u rc e  open  and th e  o b je c t  re m o v e d . The s u b t r a c t e d
s p e c tru m , shown in  f i g u r e  3 . 1 7 ,  c o n s is t s  o n ly  o f  s in g ly  s c a t t e r e d  p h o to n s
and  th o s e  w h ic h  h a ve  b e en  s c a t t e r e d  m ore th a n  o n c e . T h is  c o n c lu s io n  is
b a sed  on th e  f o l l o w in g  p r e d ic t i o n s  o f  th e  shap e o f  th e  e n e rg y  s p e c tru m
f o r  d e te c te d  p h o to n s  w h ic h  h a v e  b e e n  s c a t t e r e d  t w ic e .
C o n s id e r  a p h o to n  beam in c id e n t  n o r m a l ly  upon th e  c e n t r e  o f  one edge
o f  a h o r i z o n t a l  s la b ,  th e  th ic k n e s s  o f  w h ic h  i s  s m a ll  com p ared  to  th e
Com pton mean f r e e  p a th  f o r  th e  i n c id e n t  p h o to n s . C o n s id e r  a ls o  t h a t  th e
le n g t h  and w id th  o f  th e  s la b  a r e  la r g e  com p ared  to  th e  m ean f r e e  p a t h .
I f  a l i n e  d e t e c t o r  is  p la c e d  a lo n g  one edge o f  th e  s la b  and p a r a l l e l  to
th e  i n c id e n t  beam and i f  th e  d e t e c t o r  i s  c o l l im a t e d  to  a c c e p t  p h o to n s
w h ic h  em erge fro m  th e  o b je c t  i n  a  d i r e c t i o n  p e r p e n d ic u la r  to  th e  in c id e n t
Qbeam , th e n  o n ly  th o s e  p h o to n s  w h ic h  h ave  b e en  s c a t t e r e d  th ro u g h  90 and
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FIGURE 3 . 1 6 .  S c a t te r e d  and b a c k g ro u n d  s p e c t r a  f o r  th e  HPGe d e t e c t o r .
Energy (keV)
FIGURE 3 . 1 7 .  The d i f f e r e n c e  b e tw e e n  th e  s c a t t e r e d  and b a ck g ro u n d  s p e c t r a .
w h ic h  re m a in  i n  th e  h o r i z o n t a l  p la n e  w i l l  be a c c e p te d  b y  th e  d e t e c t o r .
I f  th e  p h o to n  i s  s c a t t e r e d  o u t  o f  th e  o b j e c t ,  i t  c a n n o t s u b s e q u e n t ly  be  
d e t e c t e d .  I f  th e  p h o to n  i s  s c a t t e r e d  i n  a  s in g l e  i n t e r a c t i o n  th ro u g h  9 0 *  
i n t o  th e  d e t e c t o r ,  i t s  e n e rg y  w i l l  be  g iv e n  by  e q u a t io n  2 . 4 .  P h o to n s  w h ic h  
a r e  s c a t t e r e d  tw ic e  c a n  o n ly  be d e t e c t e d  i f  th e y  re m a in  w i t h i n  th e  h o r i z o n t a l
O |p la n e  and i f  th e  t o t a l  s c a t t e r i n g  a n g le  i s  90  . The same is  t r u e  f o r
i
h ig h  o r d e r s  o f  s c a t t e r in g  a l th o u g h  th e  p r o b a b i l i t y  o f  d e t e c t io n  w i l l  d e c re a s e  
r a p i d l y  w i t h  th e  o r d e r  o f  s c a t t e r i n g .
I t  i s  p o s s ib l e ,  u s in g  e q u a t io n  2 . 4 ,  to  c a l c u l a t e  th e  e n e r g ie s  and  
w h ic h  d e te c te d  s c a t t e r e d  p h o to n s  r e t a in e d  a f t e r  th e  f i r s t  and  second  
i n t e r a c t i o n s .  S in c e  th e  tw o  s c a t t e r i n g  a n g le s ,  ©^ and  9 ^ , a r e  r e l a t e d  by  
th e  e x p r e s s io n
Gi + 02 * - y -
3 . 1 3 . ,
o r  © i +  © 2  -
i t  i s  p o s s ib le  t o  p e r fo r m  t h i s  c a l c u l a t i o n  f o r  ©^ r a n g in g  fro m  -1 8 0  to  1 8 0 ° .  
Such a c a l c u l a t i o n  was done f o r  2 °  i n t e r v a l s  o f  ©^ u s in g  th e  U n iv e r s i t y  o f  
S u r r e y  D a ta  G e n e ra l Nova c o m p u te r . The r e s u l t s  a r e  shown as  a h is to g r a m  
i n  f i g u r e  3 . 1 8 .  The c a l c u l a t e d  v a lu e s  o f  E 2  ra n g e  fro m  6 1 .1  t o  9 2 .3  k e V .
The e n e rg y  h is to g r a m  shows c e r t a i n  s i m i l a r i t i e s  w i t h  th e  c o n t in u o u s  s p e c tru m  
o f  f i g u r e  3 . 1 5 .  The u p p e r  e n e rg y  bound f o r  th e  h is to g r a m  and th e  c o n tin u u m  
a r e  th e  sam e. T h e re  a p p e a rs  t o  be a p e a k  a t  th e  h ig h  e n e rg y  end u n d e r n e a th  
th e  s in g le  s c a t t e r  p e a k  i n  th e  m e a s u re d  s p e c tru m . T h e re  i s  an  a lm o s t  c o n s ta n t  
c o n tin u u m  b e tw e e n  6 8  and  80 keV  i n  e a c h  s p e c tru m . T h e re  i s  a  m arked  low  
e n e rg y  p e a k  i n  th e  c a l c u l a t e d  s p e c tru m  w h ic h  i s  n o t  p r e s e n t  t o  th e  same 
e x t e n t  i n  th e  m ea su re d  s p e c tru m  a lth o u g h  th e  lo w  e n e rg y  bound f o r  d o u b le  
e v e n ts  i s  v i s i b l e .
1 0 0
FIGURE 3 .
E N E R G Y  (k e V )
-  C a lc u la t e d  e n e rg y  h is to g ra m  f o r  p h o to n s  s c a t t e r e d  tw ic e  
th ro u g h  a t o t a l  a n g le  o f  9 0 ° .  The d e t e c t o r  e f f i c i e n c y  is  
assumed to  be c o n s ta n t .
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FIGURE 3 .1 9 .  C a lc u la te d  e n e rg y  h is to g ra m  a f t e r  a l lo w in g  f o r  th e  f i n i t e  
s iz e  o f  th e  o b j e c t .
W h ile  th e s e  s i m i l a r i t i e s  b e tw e e n  p r e d i c t i o n  and o b s e r v a t io n  a r e  
e n c o u ra g in g , th e  s la b  m o d e l does  n o t  p r e d i c t  c o m p le te ly  th e  shape o f  th e  
m u l t i p l e  s c a t t e r e d  s p e c tru m . C o n s id e r a t io n  o f  a  s la b  as  th e  s c a t t e r e r  
o f  p h o to n s  i s  r e a l i s t i c  s in c e ,  i n  th e  c l i n i c a l  s y s te m , i t  w i l l  be n e c e s s a ry  
to  u se  s t r i c t  c o l l i m a t i o n  t o  re d u c e  th e  d e t e c t io n  o f  m u l t i p l e  e v e n ts  and  
t o  p ro d u c e  a s c a t t e r i n g  vo lu m e  w h ic h  c a n  be r e s t r i c t e d  t o  lu n g  t i s s u e .
The p r im e  l i m i t a t i o n s  o f  th e  m o d e l a r e  t h a t  th e  d e t e c t o r  i s  n o t  a  l i n e  
d e t e c t o r ,  th e  d im e n s io n s  o f  th e  s la b  w i l l  be f i n i t e ,  no a c c o u n t h as  b een  
ta k e n  o f  a t t e n u a t io n  and th e  p r o b a b i l i t y  o f  s c a t t e r in g  i s  n o t  e q u a l f o r  
a l l  a n g le s .  T he  e f f e c t  o f  e a c h  o f  th e s e  f a c t o r s  on th e  c a l c u l a t e d  h is to g r a m  
was e x a m in e d  in  t u r n .  The m eth o d s  used  and th e  r e s u l t s  o b ta in e d  a re  d e s c r ib e d  
i n  th e  f o l l o w in g  p a r a g r a p h s .
I f  th e  l i n e  d e t e c t o r  i s  r e p la c e d  b y  a p o i n t  d e t e c t o r  w h ic h  i s  p o s i t io n e d  
a t  th e  c e n t r e  o f  th e  edge o f  th e  s la b  th ro u g h  w h ic h  s c a t t e r e d  p h o to n s  
e m e rg e , th e n  th e  f i r s t  i n t e r a c t i o n  m ust t a k e  p la c e  w i t h i n  th e  o b je c t  a lo n g  
th e  i n c id e n t  l i n e  beam and  th e  secon d  i n t e r a c t i o n  m ust t a k e  p la c e  a lo n g  
th e  l i n e  w h ic h  i s  o r th o g o n a l  t o  th e  beam and p a s s e s  th ro u g h  th e  d e t e c t o r .
F o r  t h i s  c a s e ,  th e  f i r s t  i n t e r a c t i o n  was c o n s id e re d  t o  ta k e  p la c e  a t  one  
o f  tw o  p o s i t io n s  a lo n g  th e  in c id e n t  beam . I f  th e  in c id e n t  i n t e n s i t y ,  th e  
i n t e n s i t y  a t  th e  c e n t r e  o f  th e  s la b  and th e  e x i t  i n t e n s i t y  a r e  N q , tfy and  
N2  r e s p e c t i v e l y ,  th e n  th e  tw o a l lo w e d  p a th  le n g th s  (x ^ )  b e tw e e n  th e  edge  
o f  th e  s la b  and th e  s i t e  o f  th e  f i r s t  i n t e r a c t i o n  w e re  c o n s id e r e d  t o  be  
g iv e n  by
Nn + Ni
l o l
Xl '  p  f a *  r f a w )
1 /  2 \ 3 ’ 15 and * x -  1  ( l o g ,  J
F o r  th e  m e a s u re d  s p e c tru m  shown i n  f i g u r e  3 . 1 5 ,  th e  d im e n s io n  D was 1 0 .5  cm.
S u b s t i t u t in g  t h i s  v a lu e  i n t o  th e  abo ve  e q u a t io n s  and u s in g  th e  v a lu e  o f  th e
a t t e n u a t io n  c o e f f i c i e n t  d e r iv e d  i n  th e  f o l l o w in g  p a r a g r a p h , th e  tw o v a lu e s
o f  x^  a r e  4 .2  and  1 4 .7  cm . W ith  t h i s  c o n d i t i o n ,  c e r t a i n  p h o to n  p a th s
a r e  n o t  p e r m it t e d  b e c a u s e , a f t e r  th e  f i r s t  i n t e r a c t i o n ,  th e  p h o to n  le a v e s
th e  s la b  b e f o r e  i t  re a c h e s  th e  p o i n t  a t  w h ic h  i t  m ust u n d e rg o  th e  second
i n t e r a c t i o n  t o  be s c a t t e r e d  i n t o  th e  d e t e c t o r .  The m o d if ie d  s p e c tru m , a g a in
c a l c u l a t e d  f o r  (Q  v a r y in g  fro m  -1 8 0  t o  1 8 0 fl i n  2 °  i n t e r v a l s ,  i s  shown in
f i g u r e  3 . 1 9 .  The p a t t e r n  i s  e s s e n t i a l l y  th e  same a lth o u g h  th e  p e a k s  a t
th e  u p p e r  and lo w e r  e n e rg y  bounds a r e  m ore p ro n o u n c e d . The lo n g e s t  and
s h o r t e s t  t o t a l  p a th  le n g th s  w e re  4 5 . 4  cm and 1 6 .6  cm r e s p e c t i v e l y .
A t t e n u a t io n  c an  be a l lo w e d  f o r  when th e  l i n e a r  a t t e n u a t io n  c o e f f i c i e n t
i s  known f o r  th e  e n e rg y  r e t a in e d  b y  a  p h o to n  a f t e r  e a c h  o f  th e  tw o s c a t t e r i n g
i n t e r a c t i o n s .  The e n e rg y  d e p e n d e n c e  o f  th e  l i n e a r  a t t e n u a t io n  c o e f f i c i e n t
was o b ta in e d  fro m  t a b u la t e d  v a lu e s  (S to rm  and  I s r a e l ,  1 9 7 0 )  an d  th e  m ea su re d
c o m p o s it io n  o f  p in e  ( S e c t io n  3 . 3 . 2 ) .  The c a l c u l a t e d  v a lu e s  a r e  shown in
f i g u r e  3 .2 0  t o g e t h e r  w i t h  th e  po w er f u n c t io n  f i t t e d  b y  th e  m eth o d  o f  l e a s t
s q u a re s  to  th e  c a l c u l a t e d  d a t a .  The HPGe d e t e c t o r  was u s ed  t o  m easu re  th e
1 5 3t r a n s m is s io n  th ro u g h  p in e  o f  th e  1 0 3 .2  k e V  p h o to n s  o f  Sm an d  th e  8 4 .3
170k e V  p h o to n s  and  K|J x - r a y s  o f  Tm . The r e s u l t s  a r e  shown i n  f i g u r e  3 . 2 1 .
The m ea su re d  a t t e n u a t io n  c o e f f i c i e n t s  a re  com p ared  in  f i g u r e  3 .2 0  w i t h  th e  
c a l c u l a t e d  v a lu e s .  The e n e rg y  o f  th e  KA x - r a y s  o f  was ta k e n  to  be
If the sid e length  of the slab  i s  2D, the above equations reduce to
1 0 3
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FIGURE 3 . 2 0 .  C a lc u la t e d  d ependence o f  th e  l i n e a r  a t t e n u a t io n  c o e f f i c i e n t  
o f  p in e  upon p h o to n  e n e rg y . M easu red  v a lu e s  ( • )  w ere  
c a lc u la t e d  fro m  th e  d a ta  o f  f ig u r e  3 . 2 1 .  A ls o  shown a r e  
th e  v a lu e s  (o )  w h ic h  w ere  m easu red  u s in g  N a l ( T l )  and w ere  
ta k e n  fro m  t a b le s  3 . 2 ,  3 .3  and 5 . 1 .  The f i t t e d  f u n c t io n  
i s  j i  -  0 .4 7 5  x  0 .9 1 1  E ' ° * 3 7 3 5 .
F I G U R E  3 .2 1 .  M easured  t r a n s m is s io n  o f  1 0 3 .2 ,  8 4 .3  and 5 8 .9  keV  p h o to n s  
th ro u g h  p in e .
th e  w e ig h te d  e n e rg y  o f  th e  t h u l iu m  and y t t e r b iu m  x - r a y s .  A ls o  shown in  
f i g u r e  3 .2 0  a r e  a t t e n u a t io n  c o e f f i c i e n t s  m ea su re d  p r e v io u s ly  u s in g  N a l ( T l )  
d e t e c t o r s .
U s in g  th e  a b o ve  f i t t e d  e x p r e s s io n ,  th e  e f f e c t  o f  a t t e n u a t io n  on th e  
c a l c u l a t e d  s p e c tru m  was in c o r p o r a te d  i n t o  th e  program m e; th e  r e s u l t  i s  
shown i n  f i g u r e  3 . 2 2 .  T he  lo w  e n e r g y  p e a k  i s  re d u c e d  and  th e  c o n tin u u m  
i s  a p p r o x im a te ly  one f i f t h  th e  h e ig h t  o f  th e  h ig h  e n e rg y  p e a k .  The f r a c t i o n a l  
a t t e n u a t io n  was h ig h ,  r a n g in g  fro m  0 .3 0 9  f o r  th e  s h o r t e s t  p a th  t o  0 .0 3 1 7  
f o r  th e  lo n g e s t .
When p h o to n  e n e r g ie s  a r e  s u f f i c i e n t l y  h ig h  th e  in c o h e r e n t  s c a t t e r in g  
f a c t o r  i s  e q u a l to  th e  e f f e c t i v e  a to m ic  num ber o f  th e  o b je c t  ( e q u a t io n  2 . 8 )  
and th e  p r o b a b i l i t y  t h a t  a  p h o to n  w i l l  be s c a t t e r e d  th ro u g h  a  g iv e n  a n g le  
i s  g iv e n  b y  th e  d i f f e r e n t i a l  K le i n - N i s h i n a  f o r m u la .  F o r  th e  ra n g e  o f  e n e r g ie s  
o f  i n t e r e s t  i t  c an  be s e e n  fro m  f i g u r e  2 .2  t h a t  th e  K le i n - N i s h i n a  fo r m u la  
can  be u s e d  t o  in c o r p o r a t e  th e  in f lu e n c e  o f  s c a t t e r in g  p r o b a b i l i t i e s  on 
th e  c a l c u l a t e d  h is t o g r a m . T h is  i s  shown i n  f ig u r e  3 . 2 3 .  A g a in  th e  r e l a t i v e  
h e ig h t  o f  th e  lo w  e n e rg y  p e a k  i s  r e d u c e d . The p r o d u c t  o f  th e  d i f f e r e n t i a l  
c ro s s  s e c t io n s  f o r  th e  tw o s c a t t e r i n g  a n g le s  o f  eac h  a l lo w e d  p a th  ra n g e d  
f ro m  0 .2 0 5  t o  0 .4 5 2 .  The c o r r e s p o n d in g  v a lu e s  o f  9^ and 02  f o r  th e s e
O O
e x tre m e s  w e re  -1 7 0  and -1 0 0  an d  45  and  45  r e s p e c t i v e l y .  The program m e  
u sed  t o  c a l c u l a t e  th e  f r e q u e n c y  d i s t r i b u t i o n  o f  f i g u r e  3 .2 3  i s  l i s t e d  in  
A p p e n d ix  2 .
The ab o ve  h is to g r a m s  i n d ic a t e  t h a t  th e  f a c t o r s  w h ic h  h a ve  th e  g r e a t e s t  
e f f e c t  on th e  shape o f  th e  d o u b le  s c a t t e r e d  s p e c tru m  a r e  g e o m e t r ic a l  f a c t o r s  
and p h o to n  a t t e n u a t i o n  w i t h i n  th e  o b j e c t .  The K le i n - N i s h i n a  c ro s s  s e c t io n  
h as  l i t t l e  in f l u e n c e .  T h is  c o n c lu s io n  i s  c o m p a t ib le  w i t h  t h a t  o f  T a n n e r  
and E p s t e in  (1 9 7 6 a )  when th e y  s t a t e d  t h a t  th e  e x p e r im e n t a l  a r ra n g e m e n t  was o f
1 0\
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FIGURE 3 . 2 2 .  C a lc u la te d  e n e rg y  h is to g ra m  a f t e r  a l lo w in g  f o r  o b je c t  s iz e  
and a t t e n u a t io n .
ENERGY (keV)
FIGURE 3■ 2 3 . C a lc u la te d  e n e rg y  h is to g ra m  a f t e r  a l lo w in g  f o r  o b je c t  s i z e ,  
a t t e n u a t io n  and s c a t t e r in g  p r o b a b i l i t i e s .
g r e a t e r  im p o r ta n c e  th a n  th o s e  p h y s ic a l  la w s  w h ic h  g o v e rn  th e  s c a t t e r in g  
p r o c e s s . The program m e f o r  th e  c a l c u l a t i o n  o f  e n e rg y  h is to g r a m s  i s  n o t  
y e t  s u f f i c i e n t l y  s o p h is t ic a t e d  t o  p e r m it  d i r e c t  c o m p a r is o n s  t o  be made 
b e tw e e n  p r e d ic t e d  and m ea su re d  m u l t i p l y  s c a t t e r e d  s p e c t r a .  The program m e  
does n o t  a l lo w  f o r  th e  f i n i t e  g e o m e tr ie s  o f  th e  in c id e n t  and s c a t t e r e d  
beam s. The f i r s t  i n t e r a c t i o n  i s  l i m i t e d  to  one o f  tw o p o s i t io n s  in  th e  
o b j e c t .  O f p r o b a b ly  g r e a t e r  s ig n i f i c a n c e  i s  t h a t  no a c c o u n t i s  ta k e n  o f  
t r i p l e  s c a t t e r i n g .  The d e r iv e d  h is to g r a m  o f  f i g u r e  3 .2 3  shows a p ro m in e n t  
h ig h  e n e rg y  p e a k  w h ic h , w h i le  i t  s h o u ld  be d e t e c t a b le ,  c a n n o t be i d e n t i f i e d  
i n  th e  m easu red  s p e c tru m  o f  f i g u r e  3 . 1 7 .  On th e  o th e r  h a n d , i t  can  be 
seen  t h a t  t r i p l y  s c a t t e r e d  p h o to n s  a re  p r e s e n t  b e lo w  th e  lo w e r  e n e rg y  
bound f o r  d o u b le  s c a t t e r i n g .  Such p h o to n s  may be p r e s e n t  th r o u g h o u t  th e  
d o u b ly  s c a t t e r e d  s p e c tru m . F o r  e x a m p le , a d e te c te d  p h o to n  w h ic h  h ad  b e e n  
s c a t t e r e d  th ro u g h  3 0 °  i n  e a c h  o f  t h r e e  s u c c e s s iv e  i n t e r a c t i o n s  w o u ld  have  
an  e n e rg y  o f  9 5 .5  k e V . Thus i t  i s  p o s s ib le  t h a t  th e  p r e d ic t e d  d o u b ly  
s c a t t e r e d  p e a k  i s  m asked i n  th e  m e a s u re d  s p e c tru m  by th e  p re s e n c e  o f  t r i p l y  
s c a t t e r e d  p h o to n s .
3 . 4 . 4  M u l t i p l e  S c a t t e r  C o r r e c t io n s  B ased  on P h o to n  D e t e c t io n  in  Two E n e rg y  
R e g io n s
A lth o u g h  c a l c u la t e d  h is to g r a m s  d id  n o t  p r e d i c t  q u a n t i t a t i v e l y  o b s e rv e d  
s p e c t r a ,  t h e r e  was s u f f i c i e n t  q u a l i t a t i v e  a g re e m e n t t o  m e r i t  a p r e d ic t i o n  
o f  th e  chan ges  w h ic h  w o u ld  be p ro d u c e d  i n  th e  d o u b ly  s c a t t e r e d  s p e c tru m  
when th e  s iz e  and d e n s i t y  o f  o b je c t s  i s  v a r i e d .  H is to g ra m s  w e re  c a l c u la t e d  
f o r  p in e  o b je c t s  th e  s iz e  o f  w h ic h  was v a r ie d  fro m  7 x  7 cm t o  28 x  28 cm. 
Tho se  o b ta in e d  f o r  th e  l a r g e s t  and s m a l le s t  o b je c t s  a r e  shown in  f ig u r e  
3 . 2 4 .  A ls o ,  h is to g ra m s  w e re  c a l c u l a t e d  f o r  wooden o b je c t s  f o r  w h ic h  th e
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FIGURE 3 . 2 4 .  C a lc u la te d  h is to g ra m s  f o r  p in e  o b je c ts  o f  c ro s s  s e c t io n  
7 x  7 cm ( « )  and 28 x  28 cm ( o ) .
ENERGY (keV)
FIGURE 3 .2 5 .  C a lc u la te d  h is to g ra m s  f o r  wooden o b je c ts  o f  d e n s i t y  0 .1 1 6  g .cm  
( o ) ,  0 .4 7 5  g .c m " 3  ( » )  and 0 .7 8 3  g .c m "1 f a )  and f o r  w a te r  ( ------ ) .
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s iz e  was 21 x  21 cm and th e  d e n s i t y  was e i t h e r  0 .1 1 6 ,  0 .4 7 5  o r  0 .7 8 3  g .cm  
T h e s e  r e s u l t s  a r e  com p ared  to  t h a t  o b ta in e d  f o r  a  w a te r  o b j e c t  o f  s q u a re  
c ro s s  s e c t io n ,  12 x  12 cm, i n  f i g u r e  3 . 2 5 .  E ach  h is to g r a m  was n o r m a lis e d  
to  th e  h ig h  e n e rg y  p e a k .
T h ese  r e s u l t s  show t h a t  f o r  th e  ra n g e s  o f  o b je c t  s iz e  and d e n s i t y  
e x p e c te d  in  c l i n i c a l  m e a s u re m e n ts , shap es  o f  c a l c u l a t e d  d o u b ly  s c a t t e r e d  
s p e c t r a  do n o t  v a r y  to  a n y  g r e a t  e x t e n t .  T h is  s u g g e s ts  t h a t  th e  num ber 
o f  d o u b le  e v e n ts  d e t e c t e d  i n  one e n e rg y  r e g io n  can  be p r e d ic t e d  fro m  th e  
num ber m ea su re d  i n  a n o th e r  r e g i o n .  The s u g g e s t io n  was t e s t e d  b y  m e a s u r in g ,  
w i t h  th e  HPGe d e t e c t o r ,  s c a t t e r e d  s p e c t r a  f o r  th e s e  same o b j e c t s .  The  
e f f e c t  o f  o b je c t  s iz e  on th e  o b s e rv e d  s p e c tru m  i s  shown i n  f i g u r e  3 .2 6 ;  
th e  e f f e c t  o f  d e n s i t y  i s  shown i n  f i g u r e  3 . 2 7 .  Each s p e c tru m  h as  b een  
c o r r e c t e d  f o r  th e  d e t e c t o r  b a c k g ro u n d  and th e  a c c u m u la t io n  t im e  f o r  e a c h  
was 3 0  m in u t e s .
An e n e rg y  r e g io n  o f  f ro m  81 t o  91 k eV  was s e le c t e d  f o r  th e  m ea su re m e n t 
o f  a s in g le  p lu s  m u l t i p l e  s c a t t e r e d  c o u n t r a t e .  M u l t i p l e  e v e n ts  a lo n e  
w e re  m ea su re d  i n  a  r e g io n  o f  f ro m  65  t o  79  k e V . C o u n t r a t e s  i n  th e  f i r s t  
e n e rg y  r e g io n  w e re  c o r r e c t e d  f o r  a t t e n u a t io n  u s in g  th e  c o e f f i c i e n t s  a t
8 4 .3  keV  and 1 0 3 .2  keV  ta k e n  fro m  f i g u r e  3 . 2 0 .  A t t e n u a t io n  c o e f f i c i e n t s  
f o r  th e  m u l t ip l e s  r e g io n  w e re  ta k e n  fro m  f i g u r e  3 .2 0  a s s u m in g  t h a t  th e  
a p p r o p r ia t e  e n e rg y  was 72  k e V . The r e l e v a n t  c o e f f i c i e n t s  w e re  c a lc u la t e d  
a ls o  f o r  th e  w a te r  o b j e c t .  A p p a r e n t  d e n s i t i e s  w e re  d e r iv e d  fro m  th e
7
c o r r e c t e d  c o u n t  r a t e s  and w ere  c o r r e c t e d  f o r  — d i f f e r e n c e s  b e tw e e n  woodA
and  w a te r  ( S e c t io n  3 . 3 . 2 ) .  No c o r r e c t io n s  w e re  n e c e s s a ry  f o r  f i n i t e  
g e o m e try  b e ca u s e  th e  s o u rc e s  and d e t e c t o r s  w e re  c o l l im a t e d  w i t h  th e  2 .5  cm 
lo n g  ta n ta lu m  c o l l i m a t o r s .
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FIGURE 3 . 2 6 .  S c a t te r e d  s p e c t r a  f o r  p in e  o b je c ts  o f s iz e  7 x  7 cm (u p p e r )  
and 28 x 28 cm m easu red  w i th  th e  HPGe d e t e c t o r .
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FIGURE 3 . 2 7 .  S c a t te r e d  s p e c t r a  f o r  w a te r  ( a ) ,  m ap le  ( b ) , p in e  ( c )  and  
b a ls a  ( d ) .
I l l
The r a t i o  o f  th e  m e a s u re d  t o  t r u e  d e n s i t y  i s  p l o t t e d  i n  f i g u r e  3 .2 8  
as a f u n c t io n  o f  th e  r a t i o  o f  th e  m u l t i p l e  r a t e s  f o r  e ac h  o b j e c t  and  f o r  
w a t e r .  T he  e r r o r  due to  c o u n t in g  s t a t i s t i c s  i s  shown f o r  tw o  o f  th e  wooden  
o b j e c t s .  The fo rm  o f  th e  r e l a t i o n  b e tw e e n  d e n s i t y  and  m u l t i p l e  s c a t t e r i n g  
i s  n o t  kn o w n . H o w e v e r, in c lu d e d  i n  f i g u r e  3 .2 8  a re  th e  l i n e a r  r e g r e s s io n s  
c a l c u l a t e d  b y  th e  m eth o d  o f  l e a s t  s q u a re s  f o r  a l l  o b je c t s  and  f o r  j u s t  
th e  w ooden o b j e c t s .  The c o r r e l a t i o n  c o e f f i c i e n t s  f o r  th e s e  tw o r e g r e s s io n s  
a re  0 .9 7 8  and 0 .9 8 7  r e s p e c t i v e l y .  T h e s e  r e s u l t s  s u g g e s t  s t r o n g ly  t h a t ,  f o r  
th e  ra n g e  o f  o b je c t  d e n s i t y  and  s i z e  s t u d ie d ,  th e  r e l a t i o n  b e tw e e n  d e n s i t y  
an d  m u l t i p l e  s c a t t e r i n g  i s  l i n e a r .  H o w e v e r, b e f o r e  such a  c a t e g o r i c a l  
s ta te m e n t  c an  o r  c a n n o t  be made i t  w i l l  be n e c e s s a ry  t o  p ro d u c e  m e a su re m e n ts  
o f  g r e a t e r  p r e c is io n  w h ic h  a r e  m ore e v e n ly  d i s t r i b u t e d  th r o u g h o u t  th e  
r e l e v a n t  d e n s i t y  and m u l t i p l e  s c a t t e r  r e g io n s .
MULTIPLE COUNT RATE
FIGURE 3 . 2 8 .  R e la t io n  b e tw e en  th e  r a t i o  o f  a p p a re n t  to  t r u e  d e n s i t y  and  
th e  r a t i o  o f  m u l t i p l e  s c a t t e r  c o u n t r a t e s  f o r  th e  o b je c t  
and f o r  w a te r  (b a ls a  -  o ; p in e  -  •  ; m ap le  -  □ ;  w a te r  -  * ) .
L in e a r  r e g r e s s io n s  a r e  shown f o r  a l l  o b je c ts  ( ------ ) and f o r
th e  wooden o b je c ts  o n ly  ( — ■) .
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THE CLINICAL SYSTEM: DESIGN AND CONSTRUCTION.
4 . 1  I n t r o d u c t i o n
A num ber o f  p r o b l e m s  w h i c h  w e r e  i d e n t i f i e d  u s i n g  t h e  p r o t o t y p e  
a p p a r a t u s  r e q u i r e d  f u r t h e r  s t u d y  b e f o r e  i t  w as p o s s i b l e  t o  b u i l d  a  s y s t e m  
f o r  c l i n i c a l  u s e .  I n  t h i s  c h a p t e r  t h e  r e s u l t s  a r e  p r e s e n t e d  o f  t h e  
i n v e s t i g a t i o n s  and c o n s i d e r a t i o n s  u p o n  w h i c h  t h e  d e s i g n  o f  t h e  s y s t e m  
was b a s e d .  T h en  t h e  c o n s t r u c t e d  s y s t e m  i s  d e s c r i b e d .
4 . 2  S y s t e m  C o n f i g u r a t i o n
The c o n f i g u r a t i o n  o f  a p h o t o n  s c a t t e r i n g  s y s t e m  f o r  t h e  m e a s u r e m e n t  
o f  t h e  d e n s i t y  o f  a n  o b j e c t  i s  d i c t a t e d  p r i m a r i l y  b y  t h e  o b j e c t  i t s e l f .
F o r  e x a m p l e ,  when t h e  d e n s i t y  o f  t h e  o s  c a l c i s  i s  m e a s u r e d ,  t h e  s u b j e c t ’ s  
f o o t  c a n  b e  p o s i t i o n e d  i n  a r e p r o d u c i b l e  m anner  u s i n g  w e l l  d e f i n e d  e x t e r n a l  
b o n y  s t r u c t u r e s .  T h e r e f o r e ,  i n  a c l i n i c a l  s y s t e m  (W e b b e r  and K e n n e t t ,
1 9 7 6 ) ,  t h e  a p p a r a t u s  r e m a i n s  s t a t i o n a r y  and  t h e  f o o t  i s  r e p o s i t i o n e d  f o r  
t h e  s e c o n d  s c a t t e r i n g  m e a s u r e m e n t .  On t h e  o t h e r  h a n d ,  f o r  f i x e d  o b j e c t s  
s u c h  a s  r e a c t o r  c o o l a n t  p i p e s  i n  w h i c h  f o g  d e n s i t y  i s  t o  b e  m e a s u r e d  
( B a y l y ,  1 9 6 2 ) ,  i t  i s  n e c e s s a r y  t o  r o t a t e  t h e  a p p a r a t u s .
The r o t a t i o n  f r o m  p o s i t i o n  one t o  p o s i t i o n  tw o  r e q u i r e d  i n  t h e  p r o t o ­
t y p e  l u n g  d e n s i t y  s y s t e m  i s  i l l u s t r a t e d  i n  f i g u r e  4 . 1 .  The s o u r c e s  and  
d e t e c t o r s  w e r e  r e p o s i t i o n e d  m a n u a l l y  w h i l e  t h e  p a t i e n t  r e m a i n e d  s t a t i o n a r y .
The t h r e e  m e a s u r e m e n t s ,  e a c h  o f  w h i c h  t o o k  5 m i n u t e s ,  w e re  a  c o n c u r r e n t  
s c a t t e r i n g  and t r a n s m i s s i o n  m e a s u r e m e n t  ( S 1 - + D 1 ,  S 1 - + D 2 ) ,  o ne  t r a n s m i s s i o n  
m e a s u r e m e n t  ( S 2 * + D 1 )  a nd  a  s e c o n d  s c a t t e r i n g  m e a s u r e m e n t  a f t e r  r o t a t i o n  
( S 1 - + D 1 ) .  I n e v i t a b l y ,  and i n  p a r t i c u l a r  when p a t i e n t s  u n d e r  i n t e n s i v e  c a r e  
w e r e  e x a m i n e d ,  d i f f i c u l t i e s  w e re  e n c o u n t e r e d  i n  n o t  o n l y  m a i n t a i n i n g  t h e  
r e l a t i v e  p o s i t i o n  o f  t h e  p a t i e n t  and t h e  a p p a r a t u s  t h r o u g h o u t  t h e  t im e  
r e q u i r e d  f o r  t h e  m e a s u r e m e n t  ( » 2 0  m i n u t e s ) ,  b u t  a l s o  i n  r e l o c a t i n g  t h e
1 1 2
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FIGURE 4 . 1 .  R o t a t i o n  r e q u i r e d  f o r  two s o u r c e - t w o  d e t e c t o r  s y s t e m ,
FIGURE 4 . 2 .  R o t a t i o n  r e q u i r e d  f o r  one s o u r c e - t w o  d e t e c t o r  sy s tem ,
t h e  s c a t t e r i n g  v o lu m e  i n  t h e  same r e l a t i v e  p o s i t i o n  w i t h i n  t h e  l u n g  a f t e r  
r o t a t i o n .  T o  r e d u c e  t h e  t o t a l  m e a s u r e m e n t  t i m e ,  i t  w a s  n e c e s s a r y  t o  
i n c r e a s e  t h e  r a t e  a t  w h i c h  s c a t t e r e d  p h o t o n s  w e r e  d e t e c t e d .  I t  was a l s o  
n e c e s s a r y  t o  d e v e l o p  a m eans o f  a c c u r a t e l y  r e p o s i t i o n i n g  t h e  p a t i e n t  a f t e r  
r o t a t i o n .
R o t a t i o n  t h r o u g h  1 8 0 °  i s  n o t  n e c e s s a r y  when t h e  s i n g l e  s o u r c e  t e c h n i q u e
a d v o c a t e d  b y  C l a r k e  and V an  D yk  ( 1 9 7 3 )  and b y  Kaufm an e t  a l  ( 1 9 7 6 )  i s  u s e d .
W i t h  t h i s  t e c h n i q u e  t h e  s o u r c e  i s  m oved  f r o m  t h e  f i r s t  t o  t h e  s e c o n d
m e a s u r e m e n t  p o s i t i o n  t h r o u g h  a  s m a l l  a n g l e ,  t y p i c a l l y  3 0 °  ( f i g u r e  4 . 2 ) .
The m e t h o d  i s  v a l i d  o n l y  f o r  s o u r c e s  w h i c h  e m i t  lo w  e n e r g y  p h o t o n s .  F o r
e x a m p l e ,  when p h o t o n s  o f  e n e r g y  1 4 0  k e V  o r  l e s s  a r e  s c a t t e r e d  t h r o u g h
a n g l e s  o f  3 0 c o r  l e s s ,  t h e  maximum e n e r g y  s h i f t  i s  5 k e V .  I n  l u n g  t i s s u e ,
t h e  a t t e n u a t i o n  c o e f f i c i e n t  f o r  s c a t t e r e d  p h o t o n s  w i l l  b e ,  a t  m o s t ,  o n l y
1 .3 7 0 g r e a t e r  t h a n  t h a t  o f  t h e  i n c i d e n t  p h o t o n s  (K im ,  1 9 7 4 )  and  th e  s i n g l e
s o u r c e  may be u s e d  f o r  b o t h  s c a t t e r i n g  and t r a n s m i s s i o n  m e a s u r e m e n t s .
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The r e q u i r e d  r o t a t i o n  i s  r e d u c e d  f r o m  1 8 0  t o  3 0  a n d ,  i n  a d d i t i o n ,  o n l y  
tw o c o n c u r r e n t  m e a s u r e m e n t s  o f  s c a t t e r i n g  a n d  t r a n s m i s s i o n  a r e  r e q u i r e d  
( S 1 - M J 1 ,  S 1 - * D 2  a n d  S 1 - + D 2 ,  S 1 - > D 1 )  .
The s i n g l e  s o u r c e  m e t h o d  w as r e j e c t e d  b e c a u s e  t h e  s m a l l  s c a t t e r i n g  
a n g l e  w i l l  p r o d u c e  an  a s y m m e t r i c  s c a t t e r i n g  v o lu m e  w h i c h  may b e  d i f f i c u l t  
t o  r e s t r i c t  e n t i r e l y  w i t h i n  l u n g  t i s s u e .  I n  a  c l i n i c a l  s y s t e m ,  t h e  f a c e  
o f  e i t h e r  t h e  s o u r c e  o r  d e t e c t o r  c o l l i m a t o r  w i l l  b e  a b o u t  2 5  cm f r o m  t h e  
s e n s i t i v e  v o l u m e .  E v en  i f  t h e  beam i s  n o n - d i v e r g e n t  and i s  o n l y  2  cm i n  
d i a m e t e r ,  w i t h  a  s c a t t e r i n g  a n g l e  o f  3 0 °  t h e  l o n g  a x i s  o f  t h e  s c a t t e r i n g  
v o lu m e  w i l l  b e  7 . 7  cm . V i s u a l  i n s p e c t i o n  o f  p l a s t i c  em b ed ded  s e c t i o n s  
o f  t h e  human t h o r a x  sh ow ed  t h a t  t h e  l o w e r  l o b e  o f  t h e  r i g h t  l u n g  was  
a p p r o x i m a t e l y  e l l i p s o i d a l  i n  o u t l i n e ;  t h e  m a j o r  a x i s  w as i n  t h e  a n t e r i o r -
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The n e c e s s i t y  f o r  r o t a t i o n  w o u ld  b e  e l i m i n a t e d  i f  t h e  3 s o u r c e  -  
3 d e t e c t o r  s y s t e m  i l l u s t r a t e d  i n  f i g u r e  4 . 3  c o u l d  b e  i m p l e m e n t e d .  I n  
t h i s  c o n f i g u r a t i o n ,  tw o o f  t h e  f o u r  m o d u le s  c o n t a i n  b o t h  a  s o u r c e  and  
a  d e t e c t o r ,  e i t h e r  o f  w h ic h  c o u l d  b e  l o c a t e d  b e h i n d  a f i x e d  c o l l i m a t o r .
The p a t i e n t  w o u ld  b e  p o s i t i o n e d  i n  r e l a t i o n  t o  a  h o r i z o n t a l  C - f r a m e  u p o n  
w h i c h  t h e  f o u r  m o d u l e s  w o u ld  b e  m o u n t e d .  T h e  m e a s u r e m e n t s  r e q u i r e d  w o u ld  
b e  e s s e n t i a l l y  t h e  same a s  t h e  2  s o u r c e -2 d e t e c t o r  s y s t e m  ( S 1 - ^ D 1 ,
S l - H ) 2 ;  S 2 -* , D 1 ;  S 3 - * D 3 ) . S i n c e  t h e  e l i m i n a t i o n  o f  r o t a t i o n  was c o n s i d e r e d  
t o  b e  i m p o r t a n t ,  t h e  d e s i g n  o f  t h e  c l i n i c a l  s y s t e m  was b a s e d  o n  t h i s  
c o n f i g u r a t i o n .  Two a d d i t i o n a l  f e a t u r e s  o f  i m p o r t a n c e  w e r e  s y s t e m  m o b i l i t y  
and t h e  i n c o r p o r a t i o n  o f  a m e th o d  f o r  t h e  l o c a t i o n ,  i n  e a c h  s u b j e c t ,  o f  
t h e  l e v e l  o f  t h e  d i a p h r a g m .  T h u s ,  i t  was d e c i d e d  t o  m ou n t  th e  C - f r a m e  
on a p o r t a b l e  s t a n d  i n  a  m an n e r  s u c h  t h a t  t h e  h e i g h t  o f  t h e  C - f r a m e  
c o u l d  b e  a d j u s t e d .  T h e n ,  f o r  e a c h  s u b j e c t ,  t h e  d ia p h r a g m  c o u l d  be  
l o c a t e d  b y  d e t e c t i n g  t h e  h e i g h t  a t  w h i c h  t h e  t r a n s m i t t e d  c o u n t  r a t e  f o r  
one o f  t h e  p h o t o n  beam s i n c r e a s e d  a s  t h e  C - f r a m e  was r a i s e d .
4 . 3  S o u r c e  A c t i v i t y
l 5 3 Sm s o u r c e s  a r e  made r o u t i n e l y  i n  t h e  M c M a s t e r  U n i v e r s i t y  r e a c t o r  
f o r  u s e  i n  a  b o n e  d e n s i t o m e t e r  (W e b b e r  a n d  K e n n e t t ,  1 9 7 6 ) .  T h e  a c t i v i t y  
( 4 0 - 4 0 0  GBq; 1 - 1 0  C i )  o f  s o u r c e s  r e q u i r e d  f o r  lu n g  d e n s i t y  m e a s u r e m e n t s  
w i l l  b e  g r e a t e r  s i n c e ,  f o r  t h e  f o l l o w i n g  r e a s o n s ,  t h e  c o u n t  r a t e  o f  p h o t o n s  
s c a t t e r e d  f r o m  lu n g  t i s s u e  w i l l  b e  a f a c t o r  o f  a b o u t  s i x t y  l e s s  t h a n  t h a t  
s c a t t e r e d  f r o m  b o n e .  The d i s t a n c e  b e t w e e n  t h e  s c a t t e r i n g  v o lu m e  and e a c h  
d e t e c t o r  w i l l  b e  g r e a t e r  i n  t h e  l u n g  s y s t e m .  The p r o b a b i l i t y  o f  d e t e c t i o n  
f o r  a  s c a t t e r e d  p h o t o n  w i l l  b e  l e s s ,  a b o u t  o n e - s i x t h .  The number o f  e l e c t r o n s
p o s t e r i o r  d i r e c t i o n  and was a b o u t  14 cm i n  l e n g t h .
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F I G U R E  4 . 3 .  T h r e e  s o u r c e - t h r e e  d e t e c t o r  s y s t e m  w i t h o u t  r o t a t i o n .
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b e c a u s e  t h e  o b j e c t  d e n s i t y  i s  l e s s ,  a b o u t  o n e - f i f t h .  I n  a d d i t i o n ,  t h e
a t t e n u a t i o n  t h r o u g h  t h e  t h o r a x  w i l l  b e  g r e a t e r  t h a n  t h a t  t h r o u g h  t h e
o s  c a l c i s  I kJL.J (a 0 . 2 5 ;  L i - J  fie 0.12
L v ^ / o s  c a l c i s  V W  t h o r a x
A  num ber o f  d e s i g n  f a c t o r s  c a n  b e  a d j u s t e d  t o  i n c r e a s e  t h e  s c a t t e r e d  
c o u n t  r a t e .  The f i r s t  i s  t o  p r o d u c e  s o u r c e s  o f  g r e a t e r  a c t i v i t y  and t o  
u s e  s o u r c e  p h o t o n s  m ore  e f f i c i e n t l y .  A n o t h e r  w o u ld  b e  t o  i n c r e a s e  t h e  
s i z e  o f  t h e  s c a t t e r i n g  v o l u m e .  The f r a c t i o n  o f  s c a t t e r e d  p h o t o n s  w h ic h  
i n t e r a c t  w i t h  t h e  d e t e c t o r  c o u l d  b e  i n c r e a s e d  b y  e x p o s i n g  a  l a r g e r  
p r o p o r t i o n  o f  t h e  s u r f a c e  a r e a  o f  t h e  N a l ( T l )  c r y s t a l .  B o t h  t h e  s i z e  
o f  t h e  s c a t t e r i n g  v o lu m e  and t h e  a r e a  o f  t h e  d e t e c t o r  e x p o s e d  a r e  c o n t r o l l e d  
b y  t h e  s y s t e m  c o l l i m a t i o n  w h i c h  i s  d e s c r i b e d  i n  S e c t i o n  r t S " » F i r s t ,  t h e  
m e th o d  o f  s o u r c e  p r o d u c t i o n  was i m p r o v e d .
T h e s o u r c e s  f o r  t h e  b o n e  d e n s i t o m e t e r  a r e  p r o d u c e d  b y  i r r a d i a t i o n  o f  
a p p r o x i m a t e l y  5 0  mg s e a l e d  i n  a q u a r t z  v i a l .  An i n d e x  o f  s o u r c e
s e l f - a b s o r p t i o n  o f  p h o t o n s  w as o b t a i n e d  f o r  e i g h t  s u c c e s s i v e  s o u r c e s .
T h e  a c t i v i t y  o f  e a c h  was m e a s u r e d  w i t h  a  c a l i b r a t e d  G e L i  d e t e c t o r  u s i n g  
t h e  m e a s u r e d  i n t e n s i t i e s  o f  t h e  1 0 3 . 2  k eV  gamma r a y  and t h e  c o m b in e d  
i n t e n s i t i e s  o f  t h e  5 3 1  and 5 3 3  k e V  gamma r a y s .  A c t i v i t i e s  w e r e  m e a s u r e d  
a t  l e a s t  f i v e  t i m e s  d u r i n g  an  i n t e r v a l  o f  a b o u t  s e v e n  1 3 3 Sm h a l f  l i v e s .
U s i n g  a  w e i g h t e d  l e a s t  s q u a r e s  f i t  and t h e  a b s o l u t e  gamma r a y  i n t e n s i t i e s  
t a b u l a t e d  b y  F i l b y  e t  a l  ( 1 9 7 0 ) ,  t h e  a c t i v i t y  a t  1 0 3 . 2  k eV  w as e x p r e s s e d  
a s  a r a t i o  o f  t h e  a c t i v i t y  a t  5 3 0  k e V .  Th e l o w e r  t h i s  r a t i o ,  t h e  g r e a t e r  
i s  t h e  s o u r c e  s e l f - a b s o r p t i o n .  The mean r a t i o  f o r  t h e  e i g h t  b o n e  d e n s i t y  
s o u r c e s  was 0 . 5 6 ,  t h e  s t a n d a r d  d e v i a t i o n  was 0 . 0 8 .
a v a i l a b l e  f o r  s c a t t e r i n g  p e r  u n i t  v o lu m e  o f  lu n g  t i s s u e  w i l l  b e  l e s s
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th e  s o u r c e  a c t i v i t y  i t  was n e c e s s a r y  t o  i r r a d i a t e  a l a r g e r  q u a n t i t y  o f  
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SttQO^ i n  t h e  f o r m  o f  a t h i n  d i s c  o r  f o i l .  T h i s  was a c c o m p l i s h e d  u s i n g  
t h e  i r r a d i a t i o n  c a p s u l e  shown i n  f i g u r e  4 . 4 .  2 0 0  mg w as p l a c e d
i n  t h e  g r a p h i t e  c a p s u l e  w h ic h  was f i l l e d  w i t h  p o w d e r e d  r e a c t o r  g r a d e  
g r a p h i t e .  T h e  c o n t e n t s  o f  t h e  c a p s u l e  w e r e  t h o r o u g h l y  m i x e d .  S i n c e  t h e  
g r a p h i t e  c a p s u l e  was l a r g e r  t h a n  t h e  s t a n d a r d  i n - c o r e  a l u m i n i u m  i r r a d i a t i o n  
c a p s u l e s ,  i t  was n e c e s s a r y  t o  c o n s t r u c t  a  r e a c t o r  f a c i l i t y  f o r  t h e  
i r r a d i a t i o n  o f  l a r g e  s a m p l e s  ( R I F L S ) .
The f i r s t  a t t e m p t s  t o  p r o d u c e  t h e s e  s a m p l e s  w e r e  n o t  s u c c e s s f u l .
The c a p s u l e s  w e re  e n c l o s e d  i n  w a t e r  t i g h t  a l u m i n i u m  o r  z i r c o n i u m  c o n t a i n e r s  
s u s p e n d e d  i n  t h e  p o o l  a d j a c e n t  t o  t h e  r e a c t o r  c o r e .  S e v e r e  h a n d l i n g  
p r o b l e m s  w e r e  e n c o u n t e r e d  due t o  t h e  h i g h  a c t i v i t i e s  ( d o s e  r a t e  5 Gy  
( 5 0 0  m r / h r ) ,  3 0  cm f r o m  e m p ty  c o n t a i n e r ,  4 8  h p o s t  i r r a d i a t i o n )  o f  e i t h e r  
3 ^Cr a n d  b Z^n o r  ^ 3 Z r  p r o d u c e d  i n  t h e  c o n t a i n e r s  t h e m s e l v e s .  To s i m p l i f y  
h a n d l i n g  p r o c e d u r e s  a s y s t e m  w as d e s i g n e d  i n  w h ic h  t h e  p o o l  w a t e r  i t s e l f  
was t h e  p r i m a r y  c o n t a i n e r  s h i e l d .
A c l o s e d  e n d e d  c y l i n d e r ,  1 . 8  tn l o n g  and  6 cm i n t e r n a l  d i a m e t e r ,  was  
c o n s t r u c t e d  f r o m  a lu m in i u m  t u b i n g .  The c y l i n d e r  c o u l d  b e  s e a l e d  i n  a  
w a t e r t i g h t  f a s h i o n  b y  c l a m p i n g  a r u b b e r  0 - r i n g  b e t w e e n  t h e  l i d  a n d  a  
f l a n g e  a t  t h e  t o p  o f  t h e  c y l i n d e r .  When n o t  i n  u s e ,  t h e  t u b e  i s  s t o r e d  
a t  t h e  e d g e  o f  t h e  r e a c t o r  p o o l  w i t h  t h e  t o p  2 5  cm e x p o s e d .  An i r r a d i a t i o n  
c a p s u l e  i s  p l a c e d  u p o n  a g r a p h i t e  s a m p le  h o l d e r  w h ic h  r e s t s  u p o n  t h e  b a s e  
o f  t h e  R IFLS t u b e .  The t u b e  i s  s e a l e d ,  s u b m e r g e d  and l o c a t e d  i n  a h o l d e r  
t o  s u p p o r t  t h e  t u b e  i n  a v e r t i c a l  p o s i t i o n  a d j a c e n t  t o  t h e  r e a c t o r  c o r e  
r e f l e c t o r s .  W i t h  t h i s  a r r a n g e m e n t ,  t h e  s a m p le  i s  p o s i t i o n e d  a t  a  l e v e l  
c o r r e s p o n d i n g  t o  t h e  maximum n e u t r o n  f l u x  ( D a v i s  and W e b b e r ,  1 9 7 8 ) ,  A t
T o d e c r e a s e  t h i s  s e l f - a b s o r p t i o n  a n d ,  a t  t h e  same t i m e ,  t o  i n c r e a s e
FIGURE 4 . 4 .
1 2 0
a r e a c t o r  p o w e r  o f  1 MW, t h e  t h e r m a l  n e u t r o n  f l u x  was a b o u t  
7 x  1 0 «  n cm _ 2s e c " * .  F o u r  * 5 3 Sm s o u r c e s  w e r e  p r o d u c e d  u s i n g  t h e  R IFLS  
f a c i l i t y  and  t h e  s e l f - a b s o r p t i o n  i n d e x  w as m e a s u r e d .  The mean v a l u e  
was 0 . 8 4  and t h e  s t a n d a r d  d e v i a t i o n  w as 0 . 0 7 .  A f t e r  t h e  d e c a y  o f  ^ 53Sra, 
t h r e e  o f  t h e  s o u r c e s  w e re  r e - i r r a d i a t e d  and  t h e  s e l f - a b s o r p t i o n  i n d e x  
w as m e a s u r e d  a g a i n .  I n  t h i s  w a y ,  t h e  r e p r o d u c i b l i t y  o f  t h e  m e a s u r e d  
i n d e x  was t e s t e d .  The s e c o n d  v a l u e s ,  e x p r e s s e d  a s  f r a c t i o n s  o f  t h e  f i r s t ,  
w e r e  0 . 9 9 ,  0 . 9 7  and  0 . 9 1  r e s p e c t i v e l y .  The mean a c t i v i t y  o f  t h e  s o u r c e s  
p r o d u c e d  i n  t h e  7 i r r a d i a t i o n s  w as c a l c u l a t e d  f r o m  t h e  m e a s u r e d  i n t e n s i t i e s  
o f  t h e  1 0 3  k e V  gamma r a y  and  was 1 7 0  "t 4 0  GBq ( 4 . 6  t  1 , 0  C i ) .
A  * 7 0 Tm s o u r c e  w as p r o d u c e d  i n  t h e  same f a c i l i t y .  M i x i n g  o f  ^ 9Tm203 
w i t h  g r a p h i t e  p o w d e r  p r i o r  t o  i r r a d i a t i o n  h a s  t h e  a d d e d  a d v a n t a g e  o f  
r e d u c i n g  t h e  c o n t r i b u t i o n  o f  b r e m s s t r a h l u n g  r a d i a t i o n  i n  t h e  o b s e r v e d  
s p e c t r u m .  T h i s  i s  b e c a u s e  t h e  e f f e c t i v e  a t o m i c  num ber o f  t h e  s o u r c e  w i l l  
b e  r e d u c e d  when t h u l i u m  o x i d e  i s  m i x e d  w i t h  g r a p h i t e .
4 . 4  S o u r c e  F i l t r a t i o n
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The e n e r g y  s p e c t r u m  f o r  a  Sm s o u r c e  p r o d u c e d  i n  t h e  R IF L S  t u b e  
i s  show n i n  f i g u r e  4 . 5 .  The s p e c t r u m  was o b t a i n e d  fr o m  a  N a l ( T l )  d e t e c t o r ,
0 . 3  cm t h i c k  an d  3 . 8  cm d i a m e t e r .  The t h r e e  p h o t o p e a k s  a r e  due t o  gamma 
r a y s  o f  1 0 3 . 2  and 6 9 . 7  k e V  and t o  e u r o p i u m  x - r a y s  ( w e i g h t e d  e n e r g y  4 2 . 5  k e V )  
e m i t t e d  f o l l o w i n g  i n t e r n a l  c o n v e r s i o n  w i t h i n  ^ 53E u .  T o  i n c r e a s e  t h e  f r a c t i o n  
o f  1 0 3 . 2  keV  gamma r a y s  i n  t h e  s p e c t r u m ,  f i l t r a t i o n  o f  t h e  s o u r c e  b y  two  
d i f f e r e n t  e l e m e n t s  w as i n v e s t i g a t e d .
The e f f e c t  o f  a d d i n g  a  c e r i u m  f i l t e r  (K  a b s o r p t i o n  e d g e  e n e r g y  4 0 . 4  k e V )  
i s  show n i n  f i g u r e  4 . 6  i n  w h i c h  t h e  h e i g h t  o f  th e  1 0 3 . 2  k e V  p h o t o p e a k  h a s  
b e e n  n o r m a l i s e d  t o  t h a t  o f  f i g u r e  4 . 5 .  The t o t a l  m a ss  a t t e n u a t i o n  c o e f f i c i e n t
1 2 1
Energy (keV)
FIGURE 4 . 5 .  E n e r g y  s p e c t r u m  of ^ 5 3 g m<
Energy (keV)
1 53FIGURE 4 . 6 .  E nergy  sp e c tr u m  o f  Sm w i t h  c e r iu m  f i l t r a t i o n .
a t  1 0 3  k eV  f o r  c e r i u m  i s  5 3 0  b .a t o r a  1 ( S t o r m  and  I s r a e l ,  1 9 7 0 ) .  From  
t h e  m e a s u r e d  r e d u c t i o n  i n  t h e  i n t e n s i t y  o f  t h e  1 0 3 . 2  k e V  p h o t o p e a k  and  
f r o m  the known d e n s i t y  o f  c e r i u m  ( 6 . 6 7  g . c m ” 3 ) ,  t h e  t h i c k n e s s  o f  t h e  f i l t e r  
was c a l c u l a t e d  t o  b e  0 . 0 2 3  cm . T h i s  a g r e e d  w i t h  t h e  t h i c k n e s s  o f  
0 . 0 2 5  *  0 . 0 0 2 5  cm s p e c i f i e d  b y  t h e  m a n u f a c t u r e r .
The e f f e c t  o f  a d d i n g  a  t u n g s t e n  f i l t e r  (K  a b s o r p t i o n  e d g e  e n e r g y  5 9 . 5  k e V )  
i s  show n i n  f i g u r e  4 . 7 .  A g a i n ,  t h e  h e i g h t  o f  t h e  1 0 3 . 2  k e V  p h o t o p e a k  h a s  
b e e n  n o r m a l i s e d  t o  t h a t  o f  f i g u r e  4 . 5 .  T h e  t o t a l  m a ss  a t t e n u a t i o n  
c o e f f i c i e n t  a t  1 0 3  k eV  f o r  t u n g s t e n  i s  1 2 2 0  b . a t o m ”1 ( S t o r m  and I s r a e l ,
1 9 7 0 ) .  From t h e  m e a s u r e d  r e d u c t i o n  i n  t h e  i n t e n s i t y  o f  t h e  1 0 3 . 2  k e V  
p h o t o p e a k  and f r o m  t h e  known d e n s i t y  o f  t u n g s t e n  ( 1 9 . 3  g . c m “ 3 ) ,  t h e  
t h i c k n e s s  o f  t h e  f i l t e r  w as c a l c u l a t e d  t o  b e  0 . 0 2 5  cm . T h i s  a g r e e d  w e l l  
w i t h  t h e  t h i c k n e s s  o f  0 . 0 2 5  *  0 . 0 0 2 5  cm s p e c i f i e d  b y  t h e  m a n u f a c t u r e r .
A t u n g s t e n  f i l t e r  was s e l e c t e d  f o r  u s e  i n  t h e  c l i n i c a l  s y s t e m  f o r  
t h e  f o l l o w i n g  r e a s o n s .  I n s p e c t i o n  o f  f i g u r e  4 . 6  show s t h a t  t h e  x - r a y  
p h o t o p e a k  i s  s h i f t e d  t o  a l o w e r  e n e r g y  b y  t h e  c e r i u m  f i l t e r .  When t h i s  
p e a k  i s  e x a m in e d  w i t h  t h e  HPGe d e t e c t o r  ( f i g u r e  4 . 8 ) ,  s a m a r iu m  a s  w e l l  
a s  e u r o p i u m  c h a r a c t e r i s t i c  x - r a y s  c a n  b e  s e e n  i n  t h e  s p e c t r u m .  The sa m a r iu m  
x - r a y s  a r e  i n d u c e d  b y  i o n i z a t i o n  o f  s a m a r iu m  i n  t h e  s o u r c e  i t s e l f .  S i n c e  
t h e  x - r a y s  a r e  b e l o w  t h e  a b s o r p t i o n  e d g e  o f  c e r i u m  t h e y  a r e  i n e f f e c t i v e l y  
f i l t e r e d .  On t h e  o t h e r  h a n d ,  t h e  t u n g s t e n  f i l t e r  w i l l  n o t  d i s c r i m i n a t e  
b e t w e e n  sa m a r iu m  and e u r o p i u m  x - r a y s  and w i l l  e f f e c t i v e l y  f i l t e r  b o t h  f r o m  
t h e  m e a s u r e d  s p e c t r u m .
T h i s  c o n c l u s i o n  was s u p p o r t e d  b y  m e a s u r e m e n t s  o f  t h e  r e d u c t i o n  i n  
c o u n t  r a t e  o b s e r v e d  f o r  two e n e r g y  w in d o w s s e t  t o  e n c o m p a s s  t h e  1 0 3 . 2  keV  
gamma r a y  and t h e  c h a r a c t e r i s t i c  x - r a y  p h o t o p e a k s .  The r e s u l t s  f o r  e a c h  
f i l t e r  a r e  show n i n  t a b l e  4 . 1 .
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FIGURE 4 . 7 .  E n e r g y  s p e c t r u m  o f  Sm w i t h  t u n g s t e n  f i l t r a t i o n .
1 2 +
ENERGY (keV)
FIGURE 4 . 8 .  The x - r a y s  p r e s e n t  i n  a n  u n f i l t e r e d  beam o f  p h o t o n 3 >
The p e a k s  c o r r e s p o n d  t o  t h e  f o l l o w i n g  x - r a y s :  Sm K * x  ( 3 9 . 5  
k e V ) ;  Sm K **  ( 4 0 . 1  k e V ) ; Eu ( 4 0 . 9  k e V ) ; Eu K*» ( 4 1 . 5  K e V ) ; 
Sm K0i ( 4 5 . 4  k e V ) ;  Sm K £ a . ( 4 6 . 6  k e V )  and Eu VLfii ( 4 7 . 0  k e V ) ;
Eu JQJjL ( 4 8 . 3  k e V ) .
TABLE 4 . 1
1 5 3
C e r iu m  and t u n g s t e n  f i l t r a t i o n  o f  Sm.
E n e r g y No F i l t e r C e r iu m  F i l t e r T u n g s t e n  F i l t e r
keV cpm (7.) cpm (7.) cpm (7*)
1 0 3 . 2 1 5 , 2 9 0  ( 1 0 0 ) 1 0 , 7 5 0  ( 100) 2 , 2 4 5  ( 100)
4 2 . 5 2 8 , 5 3 0  ( 1 8 7 ) 3 , 9 8 0  ( 3 7 ) 6 2 6  ( 2 8 )
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The e n e r g y  s p e c t r u m  f o r  a ^ ^ T m  s o u r c e  m e a s u r e d  w i t h  t h e  same d e t e c t o r
i s  shown i n  f i g u r e  4 . 9 .  The tw o  p h o t o p e a k s  a r e  due t o  t h e  8 4 . 3  k e V  gamma
r a y  and  t h e  y t t e r b i u m  x - r a y s  ( w e i g h t e d  e n e r g y  5 3 . 6  k e V )  e m i t t e d  f o l l o w i n g
170
i n t e r n a l  c o n v e r s i o n  w i t h i n  w v Y b .  A g a i n ,  tw o d i f f e r e n t  e l e m e n t s  w e re  
i n v e s t i g a t e d  f o r  f i l t r a t i o n  o f  t h e  * 7 ^Tm s o u r c e .
The f i r s t  was g a d o l i n i u m  (K  a b s o r p t i o n  e d g e  e n e r g y  5 0 . 2  k e V ) . S i n c e  
a num ber o f  f o i l s  w e r e  a v a i l a b l e  i t  w as p o s s i b l e  t o  m e a s u r e  t h e  r e d u c t i o n  
i n  i n t e n s i t y  o f  t h e  8 4 . 3  keV gamma r a y  f o r  v a r i o u s  f o i l  t h i c k n e s s e s .  The  
r e s u l t s  a r e  shown i n  f i g u r e  4 . 1 0  t o g e t h e r  w i t h  t h e  w e i g h t e d  l e a s t  s q u a r e s  
f i t  t o  t h e  d a t a .  The m e a s u r e d  l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  was
3 6 . 4  "t 0 . 2  cm “ ^ .  T h e  a c c e p t e d  v a l u e  f o r  t h e  t o t a l  l i n e a r  a t t e n u a t i o n  
c o e f f i c i e n t  i s  3 9 . 5  cm~^ *t 2 . 0  cm” ^ ( S t o r m  and I s r a e l ,  1 9 7 0 ) .
T h e  e f f e c t  o f  g a d o l i n i u m  f i l t r a t i o n ,  m e a s u r e d  w i t h  N a l ( T l )  i s  shown  
i n  f i g u r e  4 . 1 1 .  I t  was o b s e r v e d ,  a s  w i t h  ^ 53Sra, t h a t  t h e  x - r a y  p h o t o p e a k  
was s h i f t e d  t o  l o w e r  e n e r g i e s  a s  t h e  t h i c k n e s s  o f  t h e  g a d o l i n i u m  f i l t e r  
was i n c r e a s e d .  T h e  p e a k  e n e r g y  f e l l  f r o m  5 3 . 1  k eV  w i t h  no f i l t r a t i o n  
t o  5 0 . 0  k e V  f o r  a 0 . 0 3 9  cm t h i c k  f i l t e r .  A g a i n  t h e  r e a s o n  f o r  t h i s  s h i f t  
i s  t h e  p r e s e n c e  i n  t h e  s p e c t r u m  o f  x - r a y s  o t h e r  t h a n  t h o s e  o f  y t t e r b i u m .  
B o t h  y t t e r b i u m  a nd  t h u l i u m  x - r a y s  c a n  b e  i d e n t i f i e d  i n  t h e  u n f i l t e r e d  
s p e c t r u m  o f  f i g u r e  4 . 1 2 .  The r e l a t i v e  l a c k  o f  f i l t r a t i o n  o f  t h e  Tm 
x - r a y  ( 4 9 . 8  k e V )  i s  e v i d e n t  i n  t h e  f i l t e r e d  s p e c t r u m  o f  f i g u r e  4 . 1 2 .
The p o s s i b i l i t y  was e x p l o r e d  o f  u s i n g  l e a d  (K  a b s o r p t i o n  e d g e  
e n e r g y  8 8 . 0  k e V ) , n o t  o n l y  a s  an e f f e c t i v e  x - r a y  f i l t e r ,  b u t  a l s o  t o  
r e d u c e  t h e  b r e m s s t r a h l u n g  r a d i a t i o n  a s s o c i a t e d  w i t h  t h e  * 7<\ m  s p e c t r u m .
The r e d u c t i o n  i n  i n t e n s i t y  o f  t h e  8 4 . 3  k e V  gamma r a y  w as m e a s u r e d  f o r  
v a r i o u s  f o i l  t h i c k n e s s e s  and  t h e  r e s u l t s  a r e  shown i n  f i g u r e  4 . 1 3  w i t h
l z t
Energy (keV)
FIGURE 4 . 9 .  E n e r g y  s p e c t r u m  o f  17°Tra.
FIGURE 4 . 1 0 .  T r a n s m i s s i o n  o f  8 4 . 3  keV p h o t o n s  t h r o u g h  g a d o l i n i u m  f i l t e r s  
m e a su r e d  w i t h  t h e  HPGe d e t e c t o r .
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Energy (keV)
FIGURE 4 . 1 1 .  E n e r g y  s p e c t r u m  o f  F70Tra w i t h  g a d o l i n i u m  f i l t r a t i o n .
ENERGY (keV)
FIGURE 4 . 1 2 .  I n e f f e c t i v e  f i l t r a t i o n  o f  ^ 7 0 Tm u s i n g  g a d o l i n i u m .  The p e a k s  
i n  th e  u n f i l t e r e d  s p e c t r u m  ( — ) c o r r e s p o n d  t o  t h e  f o l l o w i n g  
x - r a y s :  Tm K*a, ( 4 9 . 8  k e V ) ; Tra K<#| ( 5 0 . 7  k e V )  and Yb 
( 5 1 . 4  k e V ) ;  Yb K«q ( 5 2 . 4  k e V ) ; Tm Kfii ( 5 7 . 5  k e V ) ; Tm KAz 
( 5 9 . 0  k e V )  and Yb ( 5 9 . 3  k e V )  ; Yb K £ j .  ( 6 1 . 0  k e V )  .
The Tra i s  e v i d e n t  i n  t h e  f i l t e r e d  s p e c t r u m  ( * • • ) .
LZS
t h e  w e i g h t e d  l e a s t  s q u a r e s  f i t .  The m e a s u r e d  l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  
was 2 3 . 2  0 . 3  cm 1 and t h e  a c c e p t e d  v a l u e  f o r  t h e  t o t a l  l i n e a r  a t t e n u a t i o n
c o e f f i c i e n t  i s  2 3 . 6  cm 1 "t 1 . 2  cm " 1 ( S t o r m  and I s r a e l ,  1 9 7 0 ) .
T h e  e f f e c t  o f  l e a d  f i l t r a t i o n ,  m e a s u r e d  w i t h  N a l ( T l )  i s  show n i n  
f i g u r e  4 . 1 4 .  W i t h  l e a d  f i l t r a t i o n  t h e  lo w  e n e r g y  p e a k  i s  s h i f t e d  fr o m
5 3 . 1  k e V  t o  5 4 . 2  k e V .  T h i s  i s  du e t o  a p r e f e r e n t i a l  f i l t r a t i o n  o f  t h e
lo w e r  e n e r g y  x - r a y s  p r e s e n t  i n  t h e  s p e c t r u m  ( f i g u r e  4 . 1 5 ) .
The r e d u c t i o n  i n  c o u n t  r a t e  m e a s u r e d  w i t h  a  N a l ( T l )  d e t e c t o r  f o r  tw o  
e n e r g y  r e g i o n s  w h ic h  e n c o m p a s s e d  t h e  tw o p h o t o p e a k s  a r e  g i v e n  f o r  e a c h  
f i l t e r  i n  t a b l e  4 . 2 .  The l e a d  f i l t e r  was s e l e c t e d  f o r  t h e  c l i n i c a l  s y s t e m .
4 . 5  C o l l i m a t i o n
The r e s t r i c t i o n  o f  a l a r g e  s c a t t e r i n g  v o lu m e  t o  l u n g  t i s s u e  a l o n e  and  
t h e  r e q u i r e m e n t  o f  e x p o s i n g  a l a r g e  f r a c t i o n  o f  t h e  s u r f a c e  a r e a  o f  b o t h  
t h e  s o u r c e  and  d e t e c t o r  d i c t a t e  s t r i c t  c o l l i m a t i o n .  Two s e t s  o f  c o l l i m a t o r s  
w e r e  c o n s t r u c t e d  ( f i g u r e  4 . 1 6 ) ,  o n e  i n t e n d e d  f o r  u s e  i n  a n i m a l  e x p e r i m e n t s  
and o ne  f o r  u s e  i n  human s t u d i e s .  The f o r m e r  c o n s i s t e d  o f  a b u n d l e  o f  3 7  
t a n t a l u m  t u b e s  ( k i n d l y  s u p p l i e d  b y  D r .  L .  K a u fm a n , U n i v e r s i t y  o f  C a l i f o r n i a ,
S an  F r a n c i s c o )  p a c k e d  i n t o  a n  a l u m in i u m  c o l l a r .  E a c h  t a n t a l u m  t u b e  was
2 . 5  cm l o n g  w i t h  a n  i n t e r n a l  d i a m e t e r  o f  0 . 2  cm a n d  a w a l l  t h i c k n e s s  o f  
0 . 0 1  cm . T h e  b u n d l e  o f  t u b e s  was h e l d  i n  p l a c e  w i t h i n  t h e  a lu m in i u m  
c o l l a r  b y  m e l t i n g  p a r a f f i n  w ax  i n t o  t h e  s p a c e s  b e t w e e n  t h e  t u b e s .  The  
s e c o n d  s e t  o f  c o l l i m a t o r s  w as made i n  a s i m i l a r  f a s h i o n  e x c e p t  s e v e n  l e a d  
t u b e s  w e r e  u s e d  i n  p l a c e  o f  t h e  t a n t a l u m  t u b e s .  E a c h  l e a d  t u b e  was 2 . 5  cm 
l o n g  w i t h  an i n t e r n a l  d i a m e t e r  o f  0 . 4  cm and a  w a l l  t h i c k n e s s  o f  0 . 0 5  cm .
The d i m e n s i o n s  o f  t h e  i n c i d e n t  p h o t o n  b ea m s d e f i n e d  b y  e a c h  s e t  o f  
c o l l i m a t o r s  w e r e  o b t a i n e d  u s i n g  t h e  f i l m  t e c h n i q u e  d e s c r i b e d  e a r l i e r  
( S e c t i o n  3 . 4 . 3 . ) .
1 2  9
THICKNESS OF LEAD FILTER (cm)
FIGURE 4 . 1 3 .  T r a n s m i s s i o n  o f  8 4 . 3  k eV  p h o t o n s  t h r o u g h  l e a d  f i l t e r s  
m e a su r e d  w i t h  t h e  HPGe d e t e c t o r .
FIGURE 4 . 1 4 .  E n ergy  s p e c t r u m  o f  ^70Tin w i t h  l e a d  f i l t r a t i o n .
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ENERGY (keV)
FIGURE 4 . 1 5 .  L ea d  f i l t r a t i o n  o f  th e  x - r a y s  a s s o c i a t e d  w i t h  ^7^Tra. 
The Kcfctx-rays a r e  p r e f e r e n t i a l l y  f i l t e r e d .
TABLE 4 . 2
L e a d  and g a d o l i n i u m  f i l t r a t i o n  o f  ^7+ m .
E n e r g y  R e g i o n No F i l t e r 0 . 0 2 1  cm T h i c k No F i l t e r 0 . 0 1 3 2  T h i c k
L ea d  F i l t e r G a d o l i n i u m  F i l t e r
keV cpm (7.) cpm (7.) cpm (7.) cpm (%)
8 4 . 3 9 1 , 7 7 0  ( 1 0 0 ) 5 0 , 3 3 0  ( 1 0 0 ) 9 2 , 8 2 0  ( 100) 5 6 , 3 8 0  ( 1 0 0 )
5 3 . 6 2 2 6 , 6 1 0  ( 2 4 7 ) 3 9 , 6 3 0  ( 7 9 ) 2 2 7 , 1 1 0  ( 2 4 5 ) 7 0 , 8 1 0  ( 1 2 6 )
1 3 1
FIGURE 4 . 1 6 .  C o l l i m a t o r s  f o r  t h e  lu n g  d e n s i t y  s y s t e m .  A l s o  shown i s  th e
5.1 cm l o n g  t a n t a l u m  tu b e  c o l l i m a t o r .
T h e beam  p r o f i l e s  f o r  t h e  tw o s e t s  o f  c o l l i m a t o r s  a r e  shown i n  
f i g u r e  4 . 1 7 .  T h e  f u l l  w i d t h  h a l f  m axim a (FWHM) and t e n t h  m axim a (FWTM) 
a t  2 5  cm f r o m  t h e  f a c e  o f  t h e  l e a d  c a s t l e  w e r e  3 . 7  a n d  6 .8  cm r e s p e c t i v e l y  
f o r  t h e  l e a d  c o l l i m a t o r  and 2 . 3  and 3 . 9  cm f o r  t h e  t a n t a l u m  c o l l i m a t o r .  
S i n c e ,  i n  t h e  c l i n i c a l  s y s t e m ,  t h e  s o u r c e s  and d e t e c t o r s  w i l l  b e  c o l l i m a t e d  
i n  t h e  same f a s h i o n  an d  s i n c e  t h e  i n c i d e n t  and  s c a t t e r e d  beam s w i l l  b e  
o r t h o g o n a l ,  i t  i s  e x p e c t e d  t h a t  t h e  s c a t t e r i n g  v o lu m e  w i l l  a p p r o x i m a t e  a  
s p h e r e  w h ic h  c a n  r e a d i l y  b e  p o s i t i o n e d  i n  l u n g  t i s s u e .
4 . 6  B a c k g r o u n d
One o f  t h e  c r i t i c a l  f a c t o r s  i n  t h e  i m p l e m e n t a t i o n  o f  t h e  t h r e e  s o u r c e  
s y s t e m  w i l l  b e  t h e  b a c k g r o u n d  c o u n t  r a t e  o f  d e t e c t o r  3 ( f i g u r e  4 . 3 ) .  T h i s  
d e t e c t o r  s h a r e s  a  m o d u le  w i t h  t h e  * 7 0 Tm s o u r c e  and i s  r e q u i r e d  f o r  t h e  
m e a s u r e m e n t  o f  t h e  s e c o n d  s c a t t e r e d  c o u n t  r a t e .  D e t e c t o r  1 i s  i s o l a t e d  
i n  a s i n g l e  m o d u le  a n d  d e t e c t o r  2 i s  r e q u i r e d  o n l y  f o r  a  t r a n s m i s s i o n  
m e a s u r e m e n t .  S i n c e  t h e  s c a t t e r e d  c o u n t  r a t e  i s  e x p e c t e d  t o  b e  l o w ,  t h e  
b a c k g r o u n d  c o u n t  r a t e  m u s t  b e  a s  lo w  a s  p o s s i b l e  t o  y i e l d  a  p r e c i s e  
m e a s u r e m e n t  o f  t h e  num ber o f  s c a t t e r e d  p h o t o n s .  The e f f e c t  o f  t h e  p r e s e n c e  
o f  t h e  t h r e e  s o u r c e s  on  t h e  b a c k g r o u n d  o f  d e t e c t o r  3  w as e s t i m a t e d  i n  t h e
f o l l o w i n g  e x p e r i m e n t .
1 5 3  1 7 0
Two Sm and o n e  Tm s o u r c e s  w e r e  p r o d u c e d .  A  N a l ( T l )  d e t e c t o r ,
0 . 3  cm t h i c k  and 3 . 8  cm d i a m e t e r ,  w as p l a c e d  w i t h i n  a  l e a d  c a s t l e  s o
t h a t  t h e  minimum t h i c k n e s s  o f  l e a d  a r o u n d  th e  c r y s t a l  w as 2 . 5  c m . The
* 7 0 Tm s o u r c e  i n  i t s  l e a d  c y l i n d e r  w as p l a c e d  i m m e d i a t e l y  b e s i d e  t h e
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d e t e c t o r  c a s t l e  t o  m im ic  t h e  d u a l  m o d u le  a r r a n g e m e n t .  The tw o Sm 
s o u r c e s  w e re  p l a c e d  i n s i d e  l e a d  c a s t l e s  o f  t h e  same s i z e  a s  t h a t  u s e d  f o r  
t h e  d e t e c t o r .  T h e s e  tw o c a s t l e s  w e r e  p l a c e d  i n  t h e  a p p r o p r i a t e  p o s i t i o n s  
( f i g u r e  4 . 3 )  a t  d i s t a n c e s  f r o m  t h e  d e t e c t o r  w h ic h  w o u ld  b e  l a r g e  e n o u g h
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t o  a cc o m m o d a te  a human s u b j e c t  f o r  a  l u n g  d e n s i t y  m e a s u r e m e n t .  The  
b a c k g r o u n d  c o u n t  r a t e  i n  t h e  d e t e c t o r  i n c r e a s e d  f r o m  17 cpm t o  6 8 0  cpm  
when t h e  t h r e e  s o u r c e s  w e r e  p l a c e d  i n  t h e s e  p o s i t i o n s .  The m e a s u r e d  
a c t i v i t i e s  o f  t h e  F 3 3 Sm s o u r c e s  w e r e  1 1 5  ( 3 . 1  C i )  and 1 7 0  GBq ( 4 . 6  C i )  
and t h e  c a l c u l a t e d  a c t i v i t y  o f  t h e  1 7 ^Tra s o u r c e  was 5 5  GBq ( 4 0 0  m C i ) .
C l e a r l y  a m a j o r  d e s i g n  p r o b l e m  was t o  b e  t h e  r e d u c t i o n  o f  t h i s  b a c k g r o u n d  
c o u n t  r a t e .
4 . 6 . 1  D e t e c t o r  T h i c k n e s s
The optim u m  v o lu m e  o f  t h e  d e t e c t o r  c a n  be c o n s i d e r e d  t o  be t h e  
minimum v o lu m e  n e c e s s a r y  t o  t o t a l l y  a b s o r b  a l l  i n c i d e n t  p h o t o n s  s e l e c t e d  
b y  t h e  d e t e c t o r  c o l l i m a t o r .  T h a t  i s ,  f o r  a g i v e n  p h o t o n  e n e r g y , d e t e c t o r  
e f f i c i e n c y  i s  a maximum and b a c k g r o u n d  i s  a m inim um . I f  a w e l l  c o l l i m a t e d  
beam o f  p h o t o n s  i s  i n c i d e n t  n o r m a l l y  up o n  a d e t e c t o r  t h e  d i a m e t e r  o f  w h ic h  
i s  l a r g e  c o m p a r e d  t o  t h a t  o f  t h e  b ea m , t h e  f r a c t i o n a l  a b s o r p t i o n  o f  
p h o t o n s  w i t h i n  t h e  d e t e c t o r  i s  (1 -  e " / a ) w h e re  jx i s  t h e  t o t a l  l i n e a r  
a t t e n u a t i o n  c o e f f i c i e n t  and a i s  t h e  d e t e c t o r  t h i c k n e s s .  I f  i t  i s  a ssu m e d  
t h a t  t h e  p h o t o f r a c t i o n  i s  l a r g e ,  a r e a s o n a b l e  a s s u m p t i o n  f o r  p h o t o n s  o f  
lo w  e n e r g y  and f o r  N a l ( T l )  d e t e c t o r s ,  t h e n  t h e  v a r i a t i o n  o f  c o u n t i n g  
e f f i c i e n c y  w i t h  d e t e c t o r  t h i c k n e s s  f o r  8 4  k eV  p h o t o n s  w i l l  b e  a s  shown  
i n  f i g u r e  4 . 1 8  (M a n n h a r t  and V o n a c h ,  1 9 7 6 ) .  A l s o  shown i s  t h e  p r o g r e s s i v e  
i n c r e a s e  i n  b a c k g r o u n d  c o u n t  r a t e  w h i c h ,  i t  h a s  b e e n  a s s u m e d ,  i s  d i r e c t l y  
r e l a t e d  t o  t h e  v o lu m e  o f  t h e  d e t e c t o r .  From  t h e s e  c o n s i d e r a t i o n s  i t  was  
c o n c l u d e d  t h a t  t h e  N a l ( T l )  d e t e c t o r s  o f  0 . 3  cm t h i c k n e s s  and 3 . 8  cm 
d i a m e t e r  w h i c h  w e r e  a v a i l a b l e ,  w e r e  c l o s e  t o  o p t i m a l .
4 . 6 . 2  H ig h  E n e r g y  S o u r c e  P h o t o n s
1 5 3
H ig h  e n e r g y  p h o t o n s  a r e  i n h e r e n t  i n  t h e  e n e r g y  s p e c t r a  o f  Sm and  
i 70Tm. F i g u r e  4 . 1 9  show s t h e  s p e c t r u m  o f  h i g h  e n e r g y  p h o t o n s  o b s e r v e d
13 +
1 5 5
DETECTOR THICKNESS (cm)
FIGURE 4 . 1 8 .  D ep e n d en c e  o f  c a l c u l a t e d  e f f i c i e n c y  and b a c k g r o u n d  c o u n t  
r a t e  o f  N a l ( T l )  d e t e c t o r s  upon d e t e c t o r  t h i c k n e s s .
FIGURE 4 . 1 9 .  High e n e r g y  p h o t o n s  in  the s p e c tru m  o f
w i t h  a G e L i  d e t e c t o r  f r o m  a  s h i e l d e d  3 3 3 Sra s o u r c e .  Many h i g h  e n e r g y ,
lo w  i n t e n s i t y  p h o t o n s  c a n  b e  s e e n .  The a b s o l u t e  i n t e n s i t y  o f  t h e  m o s t
p r e d o m i n a n t  gamma r a y  ( 5 3 1  k e V )  i s  0 . 0 6 4 %  ( F i l b y  e t  a l ,  1 9 7 0 ) .  N e v e r -
1 5 3
t h e l e s s ,  f r o m  a s h i e l d i n g  p o i n t  o f  v i e w ,  f o r  a  4 0  GBq ( 1  C i )  Sm s o u r c e
i t  i s  n e c e s s a r y  t o  p r o v i d e  s h i e l d i n g  f o r  t h e  e q u i v a l e n t  o f  a  0 . 7  GBq
( 2 0  m C i)  s o u r c e  e m i t t i n g  a  gamma r a y  o f  5 3 1  k e V  w i t h  a n  i n t e n s i t y  o f  
1 7 0
1 0 0 % .  F o r  Tm t h e  b r e m s s t r a h l u n g  c o n t r i b u t i o n  e x t e n d s  up t o  9 7 0  k e V .
H ig h  e n e r g y  p h o t o n s  w i l l  c o n t r i b u t e  t o  t h e  b a c k g r o u n d  r e c o r d e d  fr o m
t h e  t h i n  d e t e c t o r s  t h r o u g h  tw o  i n t e r a c t i o n  p r o c e s s e s .  F i r s t ,  p h o t o n s
may i n t e r a c t  b y  p h o t o e l e c t r i c  a b s o r p t i o n  i n  t h e  l e a d  i m m e d i a t e l y  s u r r o u n d i n g
t h e  d e t e c t o r  and p r o d u c e  c h a r a c t e r i s t i c  l e a d  x - r a y s  (Pb K © c 7 4 . 2  k e V ;
Pb Kfi 8 5 . 4  k e V ) . T h e s e  x - r a y s  w i l l  b e  i n  t h e  e n e r g y  r e g i o n  o f  i n t e r e s t
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f o r  t h e  d e t e c t i o n  o f  p h o t o n s  s c a t t e r e d  t h r o u g h  9 0  f r o m  AJJSm ( 8 5 . 9  k e V ) ,
The s e c o n d  m e c h a n is m  b y  w h i c h  h i g h  e n e r g y  p h o t o n s  c o n t r i b u t e  t o  t h e
b a c k g r o u n d  c o u n t  r a t e  i s  t h r o u g h  C om p ton  i n t e r a c t i o n s  w i t h i n  t h e  d e t e c t o r
i t s e l f .  F i g u r e  4 . 2 0  sh ow s a  b a c k g r o u n d  s p e c t r u m  f o r  a  0 . 3  cm t h i c k  N a l ( T l )
d e t e c t o r  a c c u m u l a t e d  d u r i n g  a n  i n t e r v a l  o f  15  h o u r s  f o r  t h e  a r r a n g e m e n t
d e s c r i b e d  i n  S e c t i o n  4 . 6 .  A l s o  show n f o r  p u r p o s e s  o f  c o m p a r i s o n  i s  th e
1 7 ^Tm s p e c t r u m  o b s e r v e d  i n  t h e  same d e t e c t o r .  A l e a d  c h a r a c t e r i s t i c
x - r a y  p h o t o p e a k  c a n  b e s e e n  a s  w e l l  a s  a  b r o a d  Com pton c o n t r i b u t i o n .
1 3 3  1 7 0
P h o t o n s  f r o m  Sm and Tm a r e  n o t  t h e  o n l y  s o u r c e  o f  h i g h  e n e r g y  
p h o t o n s .  A n y  i m p u r i t i e s  i n  t h e  i r r a d i a t e d  m a t e r i a l s  may a l s o  c o n t a m i n a t e  
t h e  s o u r c e s  w i t h  i s o t o p e s  e m i t t i n g  h i g h  e n e r g y  p h o t o n s .  H en ce  b e f o r e  
i n v e s t i g a t i n g  m e t h o d s  f o r  t h e  r e d u c t i o n  o f  t h e  d e t e c t o r  b a c k g r o u n d  c o u n t  
r a t e  i t  was n e c e s s a r y  t o  i d e n t i f y  a n d ,  i f  p o s s i b l e ,  t o  e l i m i n a t e  t h e s e  
c o n t a m i n a n t s .
1 5 b
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Energy (keV)
FIGURE 4 . 2 0 .  The b a c k g r o u n d  s p e c t r u m  ( * * • • )  f o r  a N a l ( T l )  d e t e c t o r  i n
a l e a d  c a s t l e .  The 17°T m  sipe.ctrum ( -------.) i s  shown f o r  the
same d e t e c t o r .
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The l o n g  h a l f  l i f e  o f  Tra m ea n s t h a t  s h o r t  l i v e d  c o n t a m i n a n t s  c a n  
b e a l l o w e d  t o  d e c a y  b e f o r e  t h e  s o u r c e  i s  u s e d .  H o w e v e r ,  s i n c e  t h e  
i r r a d i a t i o n  t im e  i s  r e l a t i v e l y  l o n g  ( « 2 5 0  MWH) and s i n c e  t h e  1 7 ^Tm s o u r c e  
w i l l  s h a r e  a m o d u le  w i t h  a d e t e c t o r  u s e d  f o r  m e a s u r e m e n t  o f  s c a t t e r e d  
r a d i a t i o n ,  t h e  p r o d u c t i o n  o f  l o n g  l i v e d  c o n t a m i n a n t s  c o u l d  b e  s i g n i f i c a n t .
A ^ 7 ^Tm s o u r c e  was p r o d u c e d  b y  i r r a d i a t i o n  o f  ( R e s e a r c h
C h e m i c a l s ,  P h o e n i x ,  A r i z o n a )  and t h e  i m p u r i t i e s  w ere i d e n t i f i e d  u s i n g  a  
c a l i b r a t e d  G e L i  d e t e c t o r .  Th e o b s e r v e d  i s o t o p e s  a r e  l i s t e d  i n  t a b l e  4 . 3  
t o g e t h e r  w i t h  t h e i r  t h e r m a l  n e u t r o n  c a p t u r e  c r o s s  s e c t i o n s ,  n a t u r a l  
a b u n d a n c e s ,  h a l f  l i v e s  and p r e d o m i n a n t  gamma r a y  e m i s s i o n s .
A s e c o n d  ^ 7 0 Tm s o u r c e  was p r o d u c e d  u s i n g  s u p p l i e d  b y  a n o t h e r
m a n u f a c t u r e r  ( A t o m e r g i c  C h e m i c a l s ,  P l a i n v i e w ,  N . Y . ) .  The r e l a t i v e  a c t i v i t i e s  
o f  t h e  tw o s o u r c e s  w ere  m e a s u r e d  b y  c o m p a r i n g  th e  i n t e n s i t i e s  o f  t h e  8 4 . 3  
k eV  gamma r a y  u s i n g  t h e  t h i n  N a l ( T l )  d e t e c t o r  c o u p l e d  t o  a m u l t i c h a n n e l  
a n a l y z e r .  The same i m p u r i t i e s  w e r e  i d e n t i f i e d  u s i n g  t h e  G e L i  d e t e c t o r .
S i n c e  t h e  G e L i  s p e c t r a  f o r  e a c h  s o u r c e  w e r e  o b t a i n e d  u n d e r  i d e n t i c a l  c o n d i t i o n s ,  
t h e  r e l a t i v e  q u a n t i t i e s  o f  i m p u r i t i e s  i n  e a c h  s o u r c e  c o u l d  b e  c o m p a r e d .
T h e s e  a r e  shown i n  t a b l e  4 . 4  i n  w h i c h  t h e  a m o u n ts  p r e s e n t  a t  t h e  en d  o f  
i r r a d i a t i o n  h a v e  b e e n  e x p r e s s e d  p e r  u n i t  o f  s o u r c e  a c t i v i t y .  W h i l e  t h e  
am ount o f  ^ S c  i s  i n c r e a s e d ,  c o n s i d e r a b l y  l e s s  ^ C o  and 1 3 2 Eu w e r e  p r e s e n t  
i n  t h e  s e c o n d  s o u r c e .  The e f f e c t  o f  t h e  d i f f e r e n t  a m o u n ts  o f  i m p u r i t i e s  
on t h e  b a c k g r o u n d  i n  t h e  e n e r g y  r e g i o n  o f  i n t e r e s t  f o r  t h e  t h i n  N a l ( T l )  
d e t e c t o r  was m e a s u r e d  b y  p l a c i n g  e a c h  s o u r c e  i n  t u r n  i m m e d i a t e l y  a l o n g s i d e  
a l e a d  c a s t l e  c o n t a i n i n g  t h e  d e t e c t o r .  The o b s e r v e d  b a c k g r o u n d  c o u n t  r a t e s  
a r e  shown i n  t a b l e  4.5  t o g e t h e r  w i t h  t h e  r e l a t i v e  c o u n t  r a t e s  e x p r e s s e d  
p e r  u n i t  o f  s o u r c e  a c t i v i t y .  The ^ ^T rt^C Q  o b t a i n e d  fr o m  t h e  s e c o n d  s u p p l i e r  
was u s e d  f o r  p r o d u c t i o n  o f  F 7^Tm s o u r c e s .
4 . 6 . 3  S o u r c e  I m p u r i t i e s
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TABLE 4 .3
15 9
I m p u r i t i e s  i d e n t i f i e d  i n  i r r a d i a t e d  1 6 0 Tm ( R e s e a r c h  C h e m i c a l s ) .
I s o t o p e C r o s s  S e c t i o n  
B a r n s
A b u n d a n ce
7.
H a l f  L i f e P r e d o m in a n t  Gamma R a ys  
keV  ( i n t e n s i t y )
4 6
Sc 13 100 8 3 . 9  d 8 8 9  ( 1 0 0 ) ,  1 1 2 1  ( 1 0 0 )
6 0
Co 19 100 5 . 3  y 1 1 7 3  ( 1 0 0 ) ,  1 3 3 3  ( 1 0 0 )
1 5 2
Eu 5 , 9 0 0 4 7 . 8 1 2 . 7  y 1 4 0 8  ( 2 2 ) ,  9 6 4  ( 1 5 ) ,  1 1 1 2  ( 1 4 ) ,  
7 7 9  ( 1 3 ) ,  1 0 8 6  ( 1 1 ) .
TABLE 4 . 4
1 6 9
R e l a t i v e  p u r i t i e s  o f  Tm s o u r c e s .
R e l a t i v e  Q u a n t i t i e s  o f  C o n t a m i n a n t s
4 6 Sc
6 0  _ 
Co 1 5 2 „ 4Eu
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Tm ( R e s e a r c h ) 1.00 1.00 1.00
1 6 9 Tra ( A t o m e r g i c ) 3 . 7 1 0 . 3 4 0 . 1 3
TABLE 4 . 5
R e l a t i v e  b a c k g r o u n d  c o u n t  r a t e s  f o r  e a c h  ^7 0 Tm s o u r c e .
B ack g ro u n d  C ou nt R e l a t i v e  R a t e  p e r
R a te  (cpm ) U n i t  o f  S o u r c e  A c t i v i t y
17°Tn, ( R e s e a r c h ) 135 .3 1.00
1 7 0 Tm ( A t o m e r g i c ) 2 8 5 . 9 0 . 3 1
The c o n t a m i n a n t s  o f  i n t e r e s t  i n  t h e  c a s e  o f  1 3 3 Sm a r e  t h o s e  s h o r t  
l i v e d  i s o t o p e s  p r o d u c e d  i n  t h e  t a r g e t  c o m p o u n d ,  t h e  p o w d e r e d  g r a p h i t e  
o r  i n  t h e  g r a p h i t e  c a p s u l e  d u r i n g  t h e  r e l a t i v e l y  s h o r t  i r r a d i a t i o n
1 CO
( { ^ 2 4  MWH). The m a s s  s p e c t r o g r a p h i c  a n a l y s i s  o f  t h e  J Sn^jO^ s u p p l i e d  
b y  t h e  m a n u f a c t u r e r  (O ak R i d g e  N a t i o n a l  L a b . ,  T e n n e s s e e )  s u g g e s t e d  t h a t  
s i g n i f i c a n t  i m p u r i t i e s  w o u ld  b e  fo u n d  o n l y  i n  t h e  g r a p h i t e .  H en c e  two  
g r a p h i t e  c a p s u l e s  w e r e  i r r a d i a t e d ,  o n e  em p ty  and o n e  c o n t a i n i n g  a  s a m p le  
( p d 5 0 0  mg) o f  t h e  p o w d e r e d  g r a p h i t e  w h ic h  w as u s e d  t o  f i l l  t h e  c a p s u l e .
E q u a l  q u a n t i t i e s  o f  24N a ,  1 4 b La and  1 3 ^mEu w e r e  i d e n t i f i e d  i n  e a c h  c a p s u l e .  
T h e r e f o r e  t h e  p o w d e r e d  g r a p h i t e  w o u ld  n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  
t h e  d e t e c t o r  b a c k g r o u n d .  T h i s  i s  n o t  a  s u r p r i s i n g  r e s u l t  s i n c e  t h e  
g r a p h i t e  c a p s u l e  c o n s t i t u t e s  t h e  b u l k  ( « 1 9  g )  o f  t h e  i r r a d i a t e d  s a m p l e .
I n  t a b l e  4 . 6 ,  t h e  n e u t r o n  a c t i v a t i o n  c r o s s  s e c t i o n s ,  n a t u r a l  
a b u n d a n c e s ,  h a l f  l i v e s  and p r e d o m i n a n t  gamma r a y  e m i s s i o n s  a r e  l i s t e d  
f o r  t h e  d e t e c t e d  c o n t a m i n a n t s .  The a c t i v i t y  o f  e a c h  o f  t h e  t h r e e  
c o n t a m i n a n t s  w as e s t i m a t e d  and t h e  c o n c e n t r a t i o n  o f  e a c h  e l e m e n t  i n  t h e  
g r a p h i t e  o f  t h e  c a p s u l e  was c a l c u l a t e d  ( t a b l e  4 . 7 ) .
To e x p l o r e  t h e  p o s s i b i l i t y  t h a t  t h e  p r e s e n c e  o f  s o d i u m ,  la n th a n u m  
and e u r o p i u m  was due t o  s u r f a c e  c o n t a m i n a t i o n  and n o t  due t o  t h e  p r e s e n c e  
o f  t r a c e  e l e m e n t s  i n  g r a p h i t e ,  a n o t h e r  c a p s u l e  was s o a k e d  o v e r n i g h t  i n  
c o n c e n t r a t e d  H C 1 . T h i s  t r e a t m e n t  s h o u l d  r em ov e s u r f a c e  m e t a l s .  The  
c a p s u l e  was i r r a d i a t e d  u n d e r  t h e  same c o n d i t i o n s  and t h e  t r a c e  e l e m e n t  
c o n c e n t r a t i o n s  m e a s u r e d .  The s o d iu m  c o n t e n t  f e l l  f r o m  1 6 0  t o  16 ppm; 
la n th a n u m  f r o m  73  t o  66 ppm and t h a t  o f  e u r o p i u m  was u n c h a n g e d .  T h i s  
r e s u l t  s u g g e s t s  t h a t  s o d iu m  was p r e s e n t  t h r o u g h  s u r f a c e  c o n t a m i n a t i o n  
w h e r e a s  t h e  r a r e  e a r t h s  w e re  t r a c e  e l e m e n t s  p r e s e n t  t h r o u g h o u t  t h e  g r a p h i t e .
Ifil
I m p u r i t i e s  i d e n t i f i e d  i n  i r r a d i a t e d  g r a p h i t e  c a p s u l e .
TABLE 4 .6
I s o t o p e C r o s s  S e c t i o n  
B a r n s
A b u n d a n ce
7.
H a l f  L i f e  
h
P r e d o m in a n t  Gamma R a ys  
keV  ( I n t e n s i t y )
2 4 Na 0 . 5 3 100 1 5 . 0 1 3 6 8  ( 1 0 0 ) ,  2 7 5 4  ( 1 0 0 )
l 4 0 La 8 . 9 100 * 4 0 . 2 1 5 9 7  ( 9 6 ) ,  4 8 7  ( 4 7 ) ,  8 1 6  ( 2 3 )
152tn
Eu 5 , 9 0 0 4 7 . 8 9 . 3 8 4 2  ( 1 3 ) ,  9 6 3  ( 1 1 )
TABLE 4 . 7
C o n c e n t r a t i o n s  o f  i m p u r i t i e s  i n  g r a p h i t e  c a p s u l e s .
I s o t o p e A c t i v i t y  a t  End 
o f  I r r a d i a t i o n  ^ A C i)
W e i g h t  o f  E le m e n t  
i n  C a p s u l e  (rag)
C o n c e n t r a t i o n  i n  
G r a p h i t e  C a p s u le  (ppm)
2 4
Na 8 0 3 1 6 0
1 4 0
La 4 5 1 . 4 73
152m
Eu 4 8 0 0 . 0 3 1.6
1 \ 2
A s e c o n d  s o u r c e  o f  r e a c t o r  g r a d e  g r a p h i t e  was e x a m i n e d .  The  
la n th a n u m  and e u r o p iu m  c o n t e n t s  w e r e  7 ppm a n d  0 . 2  ppm r e s p e c t i v e l y .
C a p s u l e s  w e r e  m a n u f a c t u r e d  f r o m  t h e  s e c o n d  b a t c h  o f  g r a p h i t e  and w ere  
a c i d  w a s h e d  b e f o r e  u s e .
4 . 6 . 4  D e t e c t o r  S h i e l d i n g
A  l i m i t  on t h e  am o u n t o f  l e a d  w h i c h  s e p a r a t e s  a s o u r c e  and a d e t e c t o r  
i n  a d u a l  m o d u le  i s  i m p o s e d  b y  t h e  r e q u i r e m e n t  t h a t  t h e  m o d u le  s h o u l d  
s l i d e  s m o o t h l y  b e h i n d  a f i x e d  c o l l i m a t o r .  S u f f i c e  t o  s a y  t h a t  i t  w i l l  
b e  n e c e s s a r y  t o  s e p a r a t e  t h e  s o u r c e  and t h e  d e t e c t o r  b y  a  minimum o f  2 . 5  cm 
o f  l e a d .  T h i s  w i l l  r e d u c e ,  b y  a b s o r p t i o n ,  t h e  i n t e n s i t y  o f  a 5 0 0  k eV  
gamma r a y  b y  a  f a c t o r  o f  0 . 0 2 7 .
An e f f e c t i v e  m e th o d  o f  r e d u c i n g  t h e  c o n t r i b u t i o n  o f  l e a d  x - r a y s  t o  
t h e  b a c k g r o u n d  i s  t o  a b s o r b  t h e  x - r a y s  w i t h  a  f i l t e r  w h i c h  e m i t s  c h a r a c t e r i s t i c  
x - r a y s  o f  a n  e n e r g y  b e lo w  t h e  r e g i o n  o f  i n t e r e s t .  The a t o m i c  num ber o f  t h e  
e l e m e n t  f r o m  w h i c h  t h e  f i l t e r  i s  c o n s t r u c t e d  s h o u l d  b e h i g h  s o  t h a t  i t  
a b s o r b s  r e a d i l y  l e a d  x - r a y s  b u t  n o t  s o  h i g h  t h a t  i t s  c h a r a c t e r i s t i c  x - r a y s  
f a l l  w i t h i n  t h e  d e t e c t o r  e n e r g y  w in d o w .  T a n t a lu m  (Z  *  7 3 )  was s e l e c t e d  i n  
p r e f e r e n c e  t o  t u n g s t e n  (Z  *  7 4 )  b e c a u s e  o f  i t s  s u p e r i o r  m a c h i n i n g  p r o p e r t i e s .  
One h a l f  v a l u e  l a y e r  f o r  t a n t u l u m  a t  8 0  k e V  i s  0 . 0 0 5 5  cm , i t s  d e n s i t y  i s
_3
1 6 . 6  g .c m  and t h e  w e i g h t e d  e n e r g y  o f  i t s  K ec a n d  Kjg x - r a y s  i s  5 7 . 1  and
6 5 . 6  k e V  r e s p e c t i v e l y .  E a c h  d e t e c t o r  w as e n c a p s u l a t e d  i n  a  c y l i n d e r  o f  
t a n t a l u m ,  o ne  end o f  w h i c h  w as c l o s e d  a p a r t  f r o m  a  h o l e ,  1.6  cm i n  d i a m e t e r ,  
i n  l i n e  w i t h  t h e  d e t e c t o r  c o l l i m a t o r .  The N a l ( T l )  b a c k g r o u n d  s p e c t r u m  
o b t a i n e d  u s i n g  a t a n t a l u m  l i n e d  l e a d  c a s t l e  i s  shown i n  f i g u r e  4 . 2 1 .  I t  
c a n  b e s e e n  t h a t  t h e  p h o t o p e a k  o f  t h e  b a c k g r o u n d  s p e c t r u m  h a s  b e e n  s h i f t e d  
away f r o m  t h e  8 4 . 3  k eV  p h o t o p e a k  o f  3 7 ^Tm (c o m p a r e  w i t h  f i g u r e  4 . 2 0 ) .
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Fnerav (keV)
FIGURE 4 . 2 1 .  The b a c k g r o u n d  s p e c t r u m  ( • ■ ■ • )  f o r  a N a l ( T l )  d e t e c t o r  i n
a t a n t a l u m  l i n e d  l e a d  c a s t l e .  The 1 7 0 Tra s p e c t r u m  ( ------- )
i s  a l s o  show n.
I t  w as t h o u g h t  t o  b e  w o r t h w h i l e  t o  c o n s i d e r  two o t h e r  p o s s i b i l i t i e s  
f o r  b a c k g r o u n d  r e d u c t i o n  w h i c h  a r e  p r e s e n t l y  u n e c o n o m i c a l ,  b u t  m i g h t ,  i n  
t h e  f u t u r e ,  be  i n c o r p o r a t e d  i n t o  s y s t e m s  f o r  c l i n i c a l  m e a s u r e m e n t s .  The  
f i r s t  i s  t o  u s e  p h o s w i c h  d e t e c t o r s  i n  p l a c e  o f  d e t e c t o r s  D l  a n d  D 3 . I f  
t h e  o u t p u t s  o f  t h e  tw o  s c i n t i l l a t o r s  o f  t h e  p h o s w i c h  d e t e c t o r  w e re  a r r a n g e d  
t o  r e j e c t  c o i n c i d e n t  e v e n t s ,  t h e n  t h e  c o n t r i b u t i o n  f r o m  t h e  Com pton  
c o n t i n u u m  i n  t h e  b a c k g r o u n d  s p e c t r u m  c o u l d  b e  s u p p r e s s e d .  The s e c o n d  and  
p r o b a b l y  m ore s i g n i f i c a n t  d e v e l o p m e n t  w o u ld  b e  t o  r e p l a c e  1 3 3 Sm w i t h  i t s  
i s o b a r ,  133G d .
1 53 1 53
A s i m p l i f i e d  d e c a y  sc h e m e  f o r  Sm a n d  Gd ( L e d e r e r  e t  a l ,  1 9 6 8 )
1 5 3
i s  shown i n  f i g u r e  4 . 2 2 .  I t  c a n  b e  s e e n  t h a t  Gd d o e s  n o t  d e c a y  t h r o u g h
t h e  same h i g h  e n e r g y  l e v e l s  a s  1 3 3 Sm and t h e r e f o r e  t h e  c o n t r i b u t i o n  o f
h i g h  e n e r g y  s o u r c e  p h o t o n s  t o  t h e  d e t e c t o r  b a c k g r o u n d  c o u n t  r a t e  w i l l  
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b e  e l i m i n a t e d .  Gd a l s o  h a s  a  l o n g  h a l f  l i f e  ( 2 4 2  d )  w h ic h  w o u ld
15 3
e l i m i n a t e  t h e  n e c e s s i t y  o f  w e e k l y  p r o d u c t i o n s  o f  Sm ( h a l f  l i f e  4 6 . 8  h ) .
1 5 3
Gd d o e s  s u f f e r  f r o m  two d i s a d v a n t a g e s ;  t h e  f i r s t  i s  t h a t  i t  i s  
n o t  m o n o e n e r g e t i c . I n  f i g u r e  4 . 2 3  s p e c t r a  o b t a i n e d  w i t h  a G e L i  d e t e c t o r
1 Q'l 1 cl
f o r  Sm and Gd s o u r c e s  a r e  c o m p a r e d .  The m a j o r  d i f f e r e n c e  i s  t h e
1 5 3p r e s e n c e  o f  t h e  9 7 . 5  k eV  gamma r a y  i n  t h e  Gd s p e c t r u m .  S c a t t e r i n g  
o f  s u c h  a gamma r a y  t h r o u g h  9 0 °  w i l l  y i e l d  a  s i n g l e  s c a t t e r  p e a k  c e n t r e d  
a t  8 1 . 9  k e V .  T h u s  t h e  e n e r g y  window o f  t h e  s c a t t e r i n g  d e t e c t o r s  w o u ld  
h a v e  t o  b e w i d e n e d .  T h i s  w i l l  i n c r e a s e  b o t h  t h e  b a c k g r o u n d  c o u n t  r a t e  
and t h e  c o n t r i b u t i o n  o f  m u l t i p l y  s c a t t e r e d  p h o t o n s  t o  t h e  m e a s u r e d  
s c a t t e r e d  i n t e n s i t y .
The m a j o r  d i s a d v a n t a g e  o f  1 3 3 Gd i s  t h e  d i f f i c u l t y  o f  i t s  p r o d u c t i o n .
The n a t u r a l  a b u n d a n c e  o f  1 3 ^Gd i s  0 . 2 0 %  and t h e  maximum e n r i c h m e n t  a v a i l a b l e ,
1 44
4 . 6 . 5  The P o s s i b i l i t y  o f  F u r t h e r  B a ck g ro u n d  R e d u c t i o n
FIGURE 4 . 2 2 .  S i m p l i f i e d  d e c a y  scheme f o r  * 33Stn and
FIGURE 4 . 2 3 .  E n e rg y  s p e c t r a  o f  ^ 5 3 Sra ( b e l o w )  and
a t  c o n s i d e r a b l e  e x p e n s e ,  i s  4 5 - 5 5 %  (O ak  R i d g e  N a t i o n a l  L a b o r a t o r y ) .
1 5 2
I n  a  t y p i c a l  a n a l y s i s  o f  a  s a m p le  o f  g a d o l i n i u m  e n r i c h e d  i n  G d , t h e
a b u n d a n c i e s  o f  t h e  s t a b l e  i s o t o p e s  ^ 3^ G d , 1 5 5 ^  antj ^ 1 7 Gd w e r e  3 2 . 3 3 ,
1 6 . 6 5  and 9 . 7 4 7 . .  T h e s e  l a t t e r  tw o  i s o t o p e s  h a v e  n e u t r o n  c a p t u r e  c r o s s
s e c t i o n s  o f  5 8 , 0 0 0  and  2 4 0 , 0 0 0  b r e s p e c t i v e l y .  T h e i r  p r e s e n c e  w i l l  l e a d
t o  s e v e r e  f l u x  d e p r e s s i o n  and t a r g e t  b u r n - u p .
I n  t h e  same s a m p l e ,  t h e  a b u n d a n c i e s  o f  * 5 6 Gcj an<j 1 5 8 G(j w e r e  15.95
and 1 2 . 6 5 7 . .  The p r e s e n c e  o f  t h e s e  i s o t o p e s  w i l l  l e a d  t o  t h e  p r o d u c t i o n
o f  t h o s e  c o n t a m i n a n t s  l i s t e d  i n  t a b l e  4 . 8  ( C a s e  e t  a l ,  1 9 6 9 ) .  A s a m p le
o f  g a d o l i n i u m  e n r i c h e d  i n  - ^ G d ,  w e i g h i n g  9 . 6  m g, was i r r a d i a t e d  f o r
5 MWH i n  t h e  M c M a s t e r  U n i v e r s i t y  R e a c t o r .  The e x p e c t e d  a c t i v i t y  was
5 . 2 5  MBq ( 1 4 0  ju C i)  w h i l e  t h e  m e a s u r e d  a c t i v i t y  was 1 . 4 3  MBq ( 4 2  j i C i ) .
T h i s  r e f l e c t s  t h e  s e v e r i t y  o f  t h e  p r o b l e m  o f  f l u x  d e p r e s s i o n .
C a s e  e t  a l  ( 1 9 6 9 )  h a v e  s u g g e s t e d  t h a t  t h e  optim um  m e th o d  f o r  t h e
p r o d u c t i o n  o f  1 3 3 Gd may b e  t h e  ^^Eu(ntt ) * 3 2 Eu r e a c t i o n  w i t h  s u b s e q u e n t
b e t a  d e c a y  o f  ^ 5 2 g u t o  1 5 2 G(j f 0n owe<i b y  a s e c o n d  (n ,2 f )  r e a c t i o n  t o  p r o d u c e  
1 5 3 G d . T h i s  p r o d u c t i o n  m e c h a n is m  i s  o u t l i n e d  i n  f i g u r e  4 . 2 4 .  The c a p t u r e
c r o s s  s e c t i o n s  and p r o d u c t  h a l f  l i v e s  f o r  t h e  v a r i o u s  i n t e r a c t i o n s  i n v o l v e d
a r e  l i s t e d  i n  t a b l e  4 . 9 .
The m a j o r  p r o b l e m  i n  t h i s  p r o d u c t i o n  schem e w i l l  b e  t h e  s e p a r a t i o n  o f  
1 5 3  1 5 3
l o n g  l i v e d  Eu f r o m  G d . The r e s u l t s  o f  a c a l c u l a t i o n  ( A p p e n d i x  3 )
o f  t h e  g r o w t h  i n  t h e  a c t i v i t y  o f  e a c h  i s o t o p e  d u r i n g  t h e  i r r a d i a t i o n  o f  
15 1 Eu a r e  p r e s e n t e d  i n  f i g u r e  4 . 2 5 .  T h e s e  r e s u l t s  show t h a t  t o  p r o d u c e
1 5 3  1 5 2
s i g n i f i c a n t  q u a n t i t i e s  o f  G d , t h e  a c t i v i t y  o f  Eu w i l l  b e  g r e a t e r
b y  a b o u t  a n  o r d e r  o f  m a g n i t u d e .  The m e t h o d  s e l e c t e d  f o r  t h e  s e p a r a t i o n
(C a s e  e t  a l ,  1 9 6 9 )  i n v o l v e d  e l e c t r o l y s i s  o f  e u r o p iu m  a t  a  l i t h i u m  a m algam
i\7
TABLE 4 . 8
C o n t a m i n a n t s  t o  b e  e x p e c t e d  d u r i n g  n e u t r o n  i r r a d i a t i o n  o f  g a d o l i n i u m .
R e a c t i o n P r o d u c t  T% Gamma R ays
l 52G d ( n , ) f ) 153G d (E C )153E u ( n , # ) 1 5 4 Eu
158G d ( n ,J f ) l 59G d ( ^ - ) l 59T b ( n , y ) l 6 °T b
15 6  _  1 5 6  
G d ( n , p )  Eu
16 y  
7 2  d
1 5 . 4  d
Many up t o  1 2 8 0  keV  
Many up t o  1 2 7 0  keV
Many up t o  2 1 9 0  keV
FIGURE 4 . 2 4 .  d33Gd p r o d u c t i o n  by  n e u t r o n  i r r a d i a t i o n  o f  ^3 ^Eu.
0  40  80  120
IR R A O IA T tO N  T IM E  (d a ys )
FIGURE 4 . 2 5 .  Growth o f  1 3 ^Eu and 1 3 3 Gd a c t i v i t i e s  d u r i n g  n e u t r o n  
i r r a d i a t i o n  o f  a 5 mg s a m p le  o f
F R A C T IO N  N U M B E R
FIGURE 4 . 2 6 .  E l u t i o n  p r o f i l e  o b t a i n e d  f o r  i o n  e x c h a n g e  c h r o m a t o g r a p h y  
o f  a m i x t u r e  o f  1 5 3 Gd and
C a p t u r e  c r o s s  s e c t i o n s ,  p r o d u c t  h a l f  l i v e s  and d e c a y  r e a c t i o n s  i n v o l v e d  
i n  1 3 3 Gd p r o d u c t i o n  b y  n e u t r o n  i r r a d i a t i o n  o f  151E u .
TABLE 4 . 9
N e u t r o n  R e a c t i o n s C r o s s  S e c t i o n  ( b ) P r o d u c t  H a l f  L i f e
151E u ( n , i f ) 1 5 2 Eu 5 9 0 0 1 2 . 7  y
151E u ( n , £ ) 152mEu 3 0 9 6  m
151E u ( n , ^ ) 152mEu 2 8 0 0 9 . 3  h |
152S m ( n , ) 0 1 5 3 Stn 210 4 6 . 8  h
1 5 2  w  y/. 1 5 3  , 
G d ( n , o )  Gd 1 8 0 2 4 2  d
D e c a y  R e a c t i o n s F r a c t i o n  o f  D e c a y s
152E u ( E C ) 1 5 2 Sm 0 . 7 2
1 5 2  . 1 5 2  
Eu(J3 )  Gd 0 . 2 8
152mE u ( E C ) 1 5 2 Sm 0 . 2 3
152mE u ( ^ " ) 1 5 2 Gd 0 . 7 7
153Sm(? - ) 1 5 3 Eu ; 1.00
e l e c t r o d e .  U n f o r t u n a t e l y  t h i s  m e th o d  h a s ,  s o  f a r ,  p r o v e d  t o  b e  u n r e l i a b l e
( P r e u s s ,  L . ;  p e r s o n a l  c o m m u n i c a t i o n ) .
The p o s s i b i l i t y  o f  u s i n g  i o n - e x c h a n g e  c h r o m a t o g r a p h y  t o  s e p a r a t e
g a d o l i n i u m  f r o m  e u r o p iu m  was e x p l o r e d  u s i n g  a  c o lu m n  o f  A m in e x  A - 2 5
( B i o  Rad L a b .  L t d . )  r e s i n  i n  w h i c h  t h e  e l e m e n t a l  c a p a c i t y  o f  t h e  c o lu m n
was l a r g e  c o m p a r e d  t o  t h e  w e i g h t  o f  t h e  s a m p le  a p p l i e d .  Th e e l u t i o n
p r o f i l e  shown i n  f i g u r e  4 . 2 6  w as o b t a i n e d .  T h i s  a p p e a r s  t o  b e  an
a c c e p t a b l e  m e th o d  f o r  t h e  s e p a r a t i o n  o f  t h e s e  two r a r e  e a r t h  e l e m e n t s .
The r e m a i n i n g  p r o b l e m s  i n  t h e  d e v e l o p m e n t  o f  a  m e th o d  f o r  t h e  r o u t i n e
153
p r o d u c t i o n  o f  l a r g e  a c t i v i t y  s o u r c e s  o f  Gd a r e  t h e  h a n d l i n g  and  d i s p o s a l  
o f  t h e  l a r g e  a c t i v i t i e s  o f  t h e  b y - p r o d u c t ,  * 5 2 Eu>
4 . 7  T h e  C l i n i c a l  D e n s i t o m e t e r
4 . 7 . 1  T h e  C o n s t r u c t e d  S y s t e m
The c o m p l e t e d  c l i n i c a l  s y s t e m  i s  shown i n  f i g u r e  4 . 2 7 .  A C - f r a m e  o f  
a l u m i n i u m ,  1 . 2 5  cm t h i c k ,  was m o u n te d  on t h e  arm s o f  a  s t a n d  w h i c h  h ad  
b e e n  u s e d  p r e v i o u s l y  f o r  r e n a l  f u n c t i o n  s t u d i e s .  The h e i g h t  o f  t h e  C - f r a m e  
c o u l d  b e  a d j u s t e d  b y  a  m o t o r  d r i v e n  s c r e w  and  t h e  s t a n d  was m o b i l e  s o  t h a t  
t h e  c o m p l e t e  s y s t e m  was t r a n s p o r t a b l e .
One o f  t h e  d u a l  m o d u le s  i s  show n i n  g r e a t e r  d e t a i l  i n  f i g u r e  4 . 2 8 .
The l e a d  b l o c k  c o u l d  s l i d e  a l o n g  a n  a lu m in i u m  t r a y  w h ic h  was f i x e d  t o  t h e  
C - f r a m e .  The t r a y  w as l u b r i c a t e d  w i t h  g r a p h i t e .  E i t h e r  m e a s u r e m e n t  
p o s i t i o n  was s e l e c t e d  b y  i n s e r t i o n  o f  a b r a s s  p i n  t h r o u g h  a  h o l e  i n  t h e  
l i p  o f  t h e  a lu m in iu m  t r a y  i n t o  o n e  o f  two h o l e s  i n  t h e  l e a d  b l o c k .  The  
a lu m in i u m  c o l l a r s  o f  t h e  c o l l i m a t o r s  f i t t e d  s n u g l y  i n s i d e  t h e  b o r e s  
( 1.6  cm d i a m e t e r )  o f  t h e  f o u r  l e a d  b l o c k s .
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FIGURE 4 . 2 8 .  A d u a l  s o u r c e - d e t e c t o r  m o d u le .
1 5 2
The h i g h  v o l t a g e  f o r  e a c h  p h o t o m u l t i p l i e r  t u b e  w as p r o v i d e d  b y  a  
m o d e l  3 0 0 2  ( C a n b e r r a )  p o w e r  s u p p l y .  The p r e a m p l i f i e r  o f  e a c h  d e t e c t o r  
(H a rsh a w  Chem. C o .  6 S H A . 5 - 1 . 5 - Q )  w as c o n n e c t e d  t h r o u g h  a n  a m p l i f i e r  
( C a n b e r r a ,  2 0 1 1 )  t o  a  s i n g l e  c h a n n e l  a n a l y z e r  ( C a n b e r r a ,  2 0 3 7 ) .  The  
o u t p u t  f r o m  e a c h  a n a l y z e r  was f e d  t o  o n e  o f  t h e  i n p u t s  o f  a  d u a l  s c a l e r -  
t i m e r  ( C a n b e r r a ,  1 7 9 0 )  and  a  s l a v e d  s c a l e r  ( C a n b e r r a ,  1 7 7 3 ) .  A m u l t i ­
c h a n n e l  a n a l y z e r  ( N u c l e a r  D a t a ,  N D - 6 0 )  w as a v a i l a b l e  f o r  s e t t i n g  t h e  
e n e r g y  w in d ow s o f  t h e  s i n g l e  c h a n n e l  a n a l y z e r s .
4 * 7 . 2  The S c a t t e r i n g  V olum e
The d i m e n s i o n s  o f  t h e  s c a t t e r i n g  v o lu m e  w e r e  d e t e r m i n e d  f r o m  m e a s u r e m e n t s  
o f  t h e  r e s p o n s e  o f  t h e  s y s t e m  t o  a  l i n e  o b j e c t .  A s t e e l  r o d ,  8 . 0  cm l o n g  
and 0 . 3 2  cm d i a m e t e r ,  was m o u n te d  v e r t i c a l l y  on a t a b l e  s o  t h a t  i t s  p o s i t i o n  
was a d j u s t a b l e  i n  tw o o r t h o g o n a l  d i r e c t i o n s .  The t a b l e  w as p l a c e d  w i t h i n
t h e  C - f r a m e  s o  t h a t  t h e  r o d  w as p e r p e n d i c u l a r  t o  t h e  p l a n e  c o n t a i n i n g  t h e
153p h o t o n  b e a m s .  The s c a t t e r e d  c o u n t  r a t e  w as m e a s u r e d  w i t h  t h e  Sm s o u r c e
e x p o s e d .  The c o u n t  r a t e  was m e a s u r e d  a g a i n  a f t e r  th e  r o d  h a d  b e e n  m oved  
t h r o u g h  a known d i s t a n c e  i n  o n e  d i r e c t i o n .  The p o s i t i o n  w a s  e s t a b l i s h e d  
a t  w h i c h  t h e  maximum c o u n t  r a t e  w as o b s e r v e d .  The p r o f i l e  o f  t h e  s c a t t e r e d  
c o u n t  r a t e  w as t h e n  m e a s u r e d  i n  t h e  o r t h o g o n a l  d i r e c t i o n .  The p r o f i l e  
o b t a i n e d  f o r  t h e  s e v e n  h o l e  l e a d  c o l l i m a t o r s  i s  shown i n  f i g u r e  4 . 2 9 .
The FWHM a n d  FWTM m e a s u r e d  f o r  e a c h  s e t  o f  c o l l i m a t o r s  a r e  g i v e n  i n  
t a b l e  4 . 1 0 .
4 . 7 . 3  D e t e c t o r  S p e c i f i c a t i o n s
The e n e r g y  c a l i b r a t i o n  f o r  e a c h  o f  th e  0 . 3  cm t h i c k  d e t e c t o r s  was
57 1 0 9
m e a s u r e d  u s i n g  c a l i b r a t i o n  s o u r c e s  o f  Co ( 1 4 - 4 ,  1 2 2 . 1  k e V ) , Cd ( 2 3 . 6 ,
8 8 . 1  k e V ) ,  2 4 1 Am ( 1 6 . 8 ,  5 9 . 5  k e V ) , 1 3 ? Cs ( 3 2 . 9  k e V ) , 1 3 3 Ba ( 3 1 . 6 ,  8 0 . 9  k e V )
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D IS P L A C E M E N T  (cm )
FIGURE 4 . 2 9 .  R e s p o n s e  f u n c t i o n  o f  t h e  lu n g  d e n s i t o m e t e r  t o  a  l i n e  o b j e c t .
TABLE 4 . 1 0
FWHM and FWTM o f  l i n e  o b j e c t  p r o f i l e s  f o r  t h e  lu n g  d e n s i t o m e t e r .
C o l l i m a t o r FWHM (cm ) FWTM (cm)
None 7 . 8 -
7 H o le  L e a d 4 . 0 7 . 8
3 7  H o l e  T a n ta lu m 2 . 4 4 . 6
and AA;,i  ( 3 0 . 4  k e V ) . E a c h  d e t e c t o r  sh ow ed  a  l i n e a r  r e s p o n s e  w i t h  e n e r g y  
o v e r  t h i s  r a n g e .
5 7The e n e r g y  r e s o l u t i o n  was m e a s u r e d  f o r  e a c h  d e t e c t o r  u s i n g  J / Co  
( 1 4 . 4 ,  1 2 2 . 1  k e V ) , F^ 9Cd ( 8 8 . 1  k e V )  and ( 5 9 . 5  k e V ) . The r e s u l t s
o b t a i n e d  f o r  d e t e c t o r  D I  a r e  show n i n  f i g u r e  4 . 3 0 .  The e x p e c t e d  r e l a t i o n  
b e t w e e n  e n e r g y  r e s o l u t i o n ,  e x p r e s s e d  a s  t h e  FWHM o f  t h e  p h o t o p e a k ,  and  
p h o t o p e a k  e n e r g y  ( B i s i  and Z a p p a ,  1 9 5 8 )  was o b s e r v e d .  The e n e r g y  r e s o l u t i o n  
f o r  e a c h  o f  t h e  t h r e e  d e t e c t o r s  a t  8 4 . 3  k e V  was 1 7 . 6 ,  2 6 . 8  and  1 5 . 0 %  
r e s p e c t i v e l y .  The e n e r g y  w in d o w s s e t  f o r  t h e  d e t e c t i o n  o f  s c a t t e r e d  
r a d i a t i o n  w e r e  t w i c e  t h e  FWHM. The p o o r  e n e r g y  r e s o l u t i o n  o f  d e t e c t o r  D2  
d i c t a t e d  t h a t  i t  b e  u s e d  f o r  t r a n s m i s s i o n  and n o t  f o r  e i t h e r  s c a t t e r i n g  
m e a s u r e m e n t .
The d e p e n d e n c e  o f  c o u n t i n g  e f f i c i e n c y  upon  e n e r g y  was m e a s u r e d  f o r
d e t e c t o r  D I . The s o u r c e  p h o t o p e a k  e n e r g i e s  and i n t e n s i t i e s  u s e d  f o r
t h e s e  m e a s u r e m e n t s  a r e  l i s t e d  i n  t a b l e  4 . 1 1 .  The r e s u l t s  a r e  shown i n
f i g u r e  4 . 3 1  t o g e t h e r  w i t h  t h e  t h e o r e t i c a l  c u r v e  f o r  t h e  t r a n s m i s s i o n  o f
p h o t o n s  t h r o u g h  t h e  a lu m in i u m  w ind ow  ( 0 . 0 2 5  cm t h i c k )  o f  t h e  d e t e c t o r .
A l s o  shown i s  t h e  c a l c u l a t e d  d e p e n d e n c e  o f  t h e  f r a c t i o n  o f  i n c i d e n t  p h o t o n s
w h ic h  i n t e r a c t  p h o t o e l e c t r i c a l l y  w i t h  t h e  d e t e c t o r .  T h e s e  r e s u l t s  w ere
u s e d  t o  c a l c u l a t e  t h e  i n t e n s i t i e s  o f  t h e  lo w  e n e r g y  x - r a y  p h o t o p e a k s
1 3 3  137a s s o c i a t e d  w i t h  t h e  Ba and C s  s o u r c e s .  T h e s e  r e s u l t s  a r e  i n c l u d e d  
i n  t a b l e  4 . 11 .
4 . 7 . 4  M e a s u r e m e n t  P r o c e d u r e
T y p i c a l  b a c k g r o u n d  c o u n t  r a t e s  m e a s u r e d  when t h e  a c t i v i t y  o f  e a c h
153 Sm s o u r c e  i s  a b o u t  2 0  GBq (a?500 m C i)  and when a s u b j e c t  i s  i n  p o s i t i o n  
w i t h  t h e  s o u r c e s  c l o s e d  a r e  3 0 ,  5 3 0 0  and 2 2 0  cpm r e s p e c t i v e l y .  When t h e  
w a t e r  c a l i b r a t i o n  s t a n d a r d  i s  p o s i t i o n e d  i n  t h e  C - f r a m e  t h e  b a c k g r o u n d  
r a t e s  a r e  t y p i c a l l y  4 0 ,  6 0 0 0  and 2 6 0  cpm . T h i s  r e f l e c t s  d i f f e r e n c e s  i n
15 V
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ENERGY (E-’A)
FIGURE 4 . 3 0 .  The d e p e n d e n c e  o f  d e t e c t o r  r e s o l u t i o n  upon p h o t o n  e n e r g y .
ENERGY (keV)
FIGURE 4 . 3 1 .  The d e p e n d e n c e  o f  d e t e c t o r  c o u n t i n g  e f f i c i e n c y  upon p h o t o n  e n e r g y .
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TABLE 4 . 1 1
S o u r c e s  f o r  N a l ( T l )  d e t e c t o r  e f f i c i e n c y  m e a s u r e m e n t  and d e r i v e d  i n t e n s i t i e s  
f o r  l ^ C s  an(j 1 3 3 g a  x . r a y g .
E n e r g y  ( k e V ) S o u r c e I n t e n s i t y
1 4 . 4 5 7 Co 2f - r a y 0 . 0 9 5
2 3 . 6 1 0 + d K<x.,Kj$ x - r a y s 0 . 3 1
3 0 . 4 I 2 9 j
) f - r a y
x - r a y s . , 0 . 8 7
5 9 . 5 2 4 1 Am t f - r a y 0 . 3 8
8 0 . 9 W 3 Ba ^ - r a y s 0 . 3 6
88.1 l ° 9 c d 0 . 0 4 3
122.1 5 + 0 J f -r a y s 0 . 9 4
3 1 . 6 133b . K r t ,K ^  x - r a y s 0 . 9 2
3 2 . 9 1 3 7 Cs K * , K ^  x - r a y s 0 . 0 8 7
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o f  m e a s u r i n g  b a c k g r o u n d  c o u n t  r a t e s  w i t h  e a c h  s u b j e c t  p o s i t i o n e d  f o r  a  
m e a s u r e m e n t .
T he c o u n t  r a t e s  o b s e r v e d  f o r  p h o t o n s  s c a t t e r e d  i n t o  d e t e c t o r s  D l  and  
D3 b y  t h e  c a l i b r a t i o n  s t a n d a r d  a r e  o f  t h e  o r d e r  o f  8 0 0  cp m . T r a n s m i t t e d  
r a t e s  a r e  a p p r o x i m a t e l y  a n  o r d e r  o f  m a g n i t u d e  g r e a t e r .  F o r  a  s u b j e c t  o f  
n o r m a l  d e n s i t y  and s i z e ,  s c a t t e r e d  c o u n t  r a t e s  a r e  g e n e r a l l y  a b o u t  2 5 0  cpm  
a b o v e  b a c k g r o u n d  r a t e s .
The p r o c e d u r e  w h i c h  h a s  e v o l v e d  f o r  d e n s i t y  m e a s u r e m e n t s  i n  humans  
i s  a s  f o l l o w s .  The s u b j e c t  i s  s e a t e d  c o m f o r t a b l y  on a s t o o l  a nd  p o s i t i o n e d  
s o  t h a t  t h e  i n t e r s e c t i o n  o f  t h e  p h o t o n  b ea m s i s  b e lo w  t h e  l o w e r  l o b e  o f  
t h e  r i g h t  l u n g  and i s  u n d e r  t h e  d i a p h r a g m .  The * 7 ^Tm s o u r c e  i s  e x p o s e d  
and t h e  num ber o f  p h o t o n s  t r a n s m i t t e d  t o  d e t e c t o r  D l  i s  m e a s u r e d  f o r  an  
i n t e r v a l  o f  1 0  s e c o n d s .  T h e  C - f r a m e  i s  r a i s e d  1 - 2  cm and t h e  m e a s u r e m e n t  
r e p e a t e d .  When t h e  C - f r a m e  i s  r a i s e d  a b o v e  t h e  d i a p h r a g m  t h e  t r a n s m i t t e d  
c o u n t  r a t e  i n c r e a s e s  b y  a  f a c t o r  o f  f r o m  f i v e  t o  s i x .  T o  a s s i s t  t h e  s u b j e c t  
t o  m a i n t a i n  t h e  same p o s i t i o n  i n  r e l a t i o n  t o  t h e  s o u r c e s  a n d  d e t e c t o r s ,  
p l a s t i c  r o d s  f i x e d  t o  t h e  C - f r a m e  a r e  a d j u s t e d  t o  r e s t  a g a i n s t  t h e  s k i n  
o f  t h e  s u b j e c t .  The r e l e v a n t  c o u n t  r a t e s  a r e  m e a s u r e d  d u r i n g  a n  i n t e r v a l  
o f  s i x  m i n u t e s .  A f t e r  c o r r e c t i o n  f o r  b a c k g r o u n d  and  d e c a y ,  d e n s i t y  i s  
c a l c u l a t e d  fr o m  e x p r e s s i o n  2 . 2 6 .
4 . 7 . 5  R a d i a t i o n  D o s e
The c a l c u l a t e d  r a d i a t i o n  d o s e  f o r  a m e a s u r e m e n t  o f  lu n g  d e n s i t y  i s
2 . 5  mSv ( 2 5 0  m r e m ) . The d o s e  i s  r e s t r i c t e d  t o  a  f r a c t i o n  o f  l u n g  t i s s u e s  
and t h e  g o n a d  d o s e  i s  e f f e c t i v e l y  z e r o .  The c a l c u l a t i o n  a s s u m e s  t h a t  t h e
o _
e n e r g y  a b s o r p t i o n  c o e f f i c i e n t  i s  0 . 0 2 5  cm g (K im , 1 9 7 4 ) ,  t h a t  t h e r e  i s
153th e  a t t e n u a t i o n  o f  h i g h  e n e r g y  p h o t o n s  and u n d e r l i n e s  th e  im p o r t a n c e
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no s e l f - a b s o r p t i o n  o f  p h o t o n s  i n  t h e  1 5 3 Sm s o u r c e  atuj t h a t  t h e  c h a r a c t e r i s i t i c  
1 5 3
x - r a y s  o f  Sm a r e  e f f e c t i v e l y  f i l t e r e d .
I t  i s  i n s t r u c t i v e  t o  c o m p a r e  t h i s  c a l c u l a t e d  d o s e  w i t h  t h e  d o s e  r a t e  t o  
w h ic h  m o s t  human t i s s u e s  a r e  s u b j e c t e d  f r o m  n a t u r a l  r a d i a t i o n  due t o  c o s m i c  
r a y s  and t o  t e r r e s t r i a l  and i n t e r n a l  r a d i o a c t i v i t y .  T h i s  d o s e  r a t e  i s  a b o u t  
1 - 3  mGy ( 1 0 0 - 3 0 0  m r a d )  p e r  y e a r  ( I C R P ,  1 9 7 7 ) .  The n a t u r a l  d o s e  r a t e  f o r  
l u n g  t i s s u e  m a y ,  i n  f a c t ,  r e a c h  10  mGy p e r  y e a r  b e c a u s e  o f  t h e  i n h a l a t i o n  
o f  r a d i o a c t i v e  d e c a y  p r o d u c t s  o f  r a d iu m  and  t h o r i u m  ( B r a e s t r o p  and V i k t e r l & f ,  
1 9 7 4 ) .  The c a l c u l a t e d  d o s e  f o r  a  l u n g  d e n s i t y  m e a s u r e m e n t  s h o u l d  a l s o  b e  
c o m p a r e d  w i t h  t h a t  r e c e i v e d  b y  a p a t i e n t  f o r  o t h e r  p u lm o n a r y  i n v e s t i g a t i o n  
p r o c e d u r e s .  The d o s e  f o r  a  r o u t i n e  c h e s t  x - r a y  i s  a b o u t  0 . 5  mSv ( 5 0  m r e m ) ;  
t h a t  f o r  a  t y p i c a l  l u n g  s c a n  u s i n g  r a a c r o a g g r e g a t e d  a l b u m i n  i s  12  mSv
( 1 2 0 0  mrem) t o  t h e  t o t a l  l u n g  and  a b o u t  1 . 5  mSv ( 1 5 0  mrem) t o  t h e  g o n a d s .
The a b s o r b e d  d o s e  t o  l u n g  t i s s u e  f o r  e v e n  t h e  s h o r t  l i v e d  ^ ^ T c  s c a n n i n g  
a g e n t s  i s  a p p r o x i m a t e l y  e q u a l  t o  t h a t  f o r  131-j- r a d i o p h a r m a c e u t i c a l s  
b e c a u s e  t h e  q u a n t i t y  o f  ^ ^ T c  a d m i n i s t e r e d  i s  a p p r o x i m a t e l y  a n  o r d e r  o f  
m a g n i t u d e  g r e a t e r .
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5 . 1  I n t r o d u c t i o n
T h e p r e v i o u s  a s s e s s m e n t  o f  t h e  a c c u r a c y  o f  d e n s i t y  m e a s u r e m e n t s  
( S e c t i o n  3 , 2 )  was made u s i n g  s o u r c e  a n d  d e t e c t o r  c o l l i r a a t i o n  w h ic h  was  
l e s s  s e v e r e  t h a n  t h a t  o f  t h e  c l i n i c a l  s y s t e m .  A l s o  t h e  d e t e c t o r s  u s e d  
w e r e  0 . 0 8  cm t h i c k ,  one q u a r t e r  t h e  t h i c k n e s s  o f  t h e  d e t e c t o r s  i n  t h e  
l u n g  d e n s i t o m e t e r .  I n  t h i s  c h a p t e r ,  t h e  a c c u r a c y  o f  r e s u l t s  o b t a i n e d  fr o m  
t h e  d e n s i t o m e t e r  i s  m e a s u r e d  and t h e  i n f l u e n c e ,  ln_ v i v o , o f  t i d a l  v o lu m e  
and  g r a v i t y  u p o n  m e a s u r e d  d e n s i t i e s  i s  a s s e s s e d .
5 . 2  A c c u r a c y
The same w o o den  o b j e c t s  w e re  u s e d  t o  d e t e r m i n e  t h e  a c c u r a c y  o f  r e s u l t s .  
S i n c e  t h e  s c a t t e r i n g  v o lu m e  was r e s t r i c t e d  b y  t h e  l e a d  c o l l i m a t o r s  t o  j u s t  
t h e  tw o  c e n t r a l  b l o c k s  o f  e a c h  o b j e c t ,  t r u e  d e n s i t y  was t a k e n  t o  b e  th e  
mean o f  t h e  g r a v i m e t r i c  d e n s i t i e s  o f  t h e s e  tw o b l o c k s .  F o r  a l l  m e a s u r e m e n t s  
t h e  c y l i n d r i c a l  v e s s e l  o f  d i a m e t e r  12.0  cm f i l l e d  w i t h  w a t e r  t o  a  h e i g h t  
o f  2 0  cm w as u s e d  a s  t h e  c a l i b r a t i o n  s t a n d a r d .  F o r  a l l  o b j e c t s  s c a t t e r e d  
s p e c t r a  o b s e r v e d  i n  d e t e c t o r s  D l  a n d  D3 w e r e  r e c o r d e d  on m a g n e t i c  t a p e .  
B a c k g r o u n d  s p e c t r a  w e re  r e c o r d e d  w i t h  n o  o b j e c t  p r e s e n t  and  w i t h  t h e  
a p p r o p r i a t e  ^ 3 3 Sm s o u r c e  e x p o s e d .
E n e r g y  w ind ow s f o r  t h e  m e a s u r e m e n t  o f  t r a n s m i s s i o n  w e r e  s e t  on  th e  
s i n g l e  c h a n n e l  a n a l y z e r s  u s i n g  a  p o r t a b l e  m u l t i c h a n n e l  a n a l y z e r .  The  
s e l e c t e d  r e g i o n s  w e r e  7 0  t o  1 0 8  k e V  f o r  d e t e c t o r  D l  and 5 1  t o  1 3 4  k eV  f o r  
d e t e c t o r  D 2 .  T r a n s m i t t e d  c o u n t  r a t e s  w e re  m e a s u r e d  u s i n g  t h e  tw o c h a n n e l  
s c a l e r - t i m e r . C o u n t i n g  i n t e r v a l s  w e r e  n o  l o n g e r  t h a n  5 m i n u t e s  an d  t h e  
m inim um num ber o f  c o u n t s  r e c o r d e d  f o r  a n y  t r a n s m i s s i o n  m e a s u r e m e n t  was  
4 3 0 0 .  B a c k g r o u n d  c o u n t  r a t e s  w e r e  m e a s u r e d  w i t h  t h e  o b j e c t  i n  p o s i t i o n  
and t h e  s o u r c e  c l o s e d .
U O
M e a s u r e m e n t s  w e re  t a k e n  d u r i n g  a  2 8  h o u r  p e r i o d  s t a r t i n g  a p p r o x i m a t e l y
1 5 3
11  h o u r s  a f t e r  t h e  e n d  o f  t h e  i r r a d i a t i o n  o f  t h e  Sm s o u r c e s .  D u r i n g  
t h i s  o b s e r v a t i o n  t i m e  i t  w as t o  b e  e x p e c t e d  t h a t  b a c k g r o u n d  c o u n t  r a t e s  
w o u ld  c h a n g e  c o n s i d e r a b l y  due t o  t h e  d e c a y  o f  b o t h  1 3 3 Sm and t h e  r a d i o n u c l i d e  
i m p u r i t i e s  p r e s e n t  i n  t h e  s o u r c e s .  F i g u r e  5 . 1  show s t h e  o b s e r v e d  c h a n g e  i n  
th e  b a c k g r o u n d  c o u n t  r a t e  f o r  t r a n s m i s s i o n  m e a s u r e m e n t s  i n  d e t e c t o r  D l  
t o g e t h e r  w i t h  t h e  l e a s t  s q u a r e s  q u a d r a t i c  f i t  t o  t h e  d a t a .  B a c k g r o u n d  r a t e s  
f o r  d e t e c t o r  D2 w e re  a l s o  f i t t e d  t o  a q u a d r a t i c  e x p r e s s i o n .  The m e a s u r e d  
t r a n s m i t t e d  c o u n t  r a t e s  f o r  e a c h  o b j e c t  w e re  c o r r e c t e d  f o r  t h e  a p p r o p r i a t e  
b a c k g r o u n d  a n d ,  w h e re  n e c e s s a r y ,  f o r  d e c a y .  To v e r i f y  t h a t  n a r r o w  beam  
g e o m e t r y  a p p l i e d  t o  t h e  c l i n i c a l  s y s t e m ,  a t t e n u a t i o n  c o e f f i c i e n t s  w e re  
d e r i v e d  f r o m  t h e  t r a n s m i s s i o n  d a t a  a n d  a r e  c o m p a r e d  w i t h  c a l c u l a t e d  c o e f f i c i e n t s  
i n  t a b l e  5 . 1 .
A t y p i c a l  s c a t t e r e d  s p e c t r u m  i s  shown i n  f i g u r e  5 . 2 .  The a c c u m u l a t i o n
t i m e  f o r  t h i s  s p e c t r u m  was 10 m i n u t e s  and t h e  maximum num ber o f  c o u n t s  i n
a n y  c h a n n e l  was 5 9 .  The r e c o r d e d  s p e c t r a  w e re  u s e d  f i r s t  t o  t e s t  t h e
m e c h a n i c a l  a l i g n m e n t  o f  t h e  s o u r c e s  a n d  d e t e c t o r s .  I f  d e t e c t o r s  D l  and
15 3
D3 a r e  o r t h o g o n a l  t o  t h e  Sm p h o t o n  b ea m s t h e n  t h e  p e a k  o f  t h e  s c a t t e r e d
s p e c t r u m  i n  e a c h  d e t e c t o r  s h o u l d  b e  o b s e r v e d  a t  a n  e n e r g y  o f  8 5 . 9  k e V .
The c h a n n e l  l o c a t i o n  o f  t h e  p e a k  o f  e a c h  s c a t t e r e d  s p e c t r u m  w as f o u n d  b y
o b s e r v a t i o n  and t h e  c o r r e s p o n d i n g  p e a k  e n e r g y  was o b t a i n e d  f r o m  t h e  e n e r g y
c a l i b r a t i o n  o f  t h a t  d e t e c t o r .  The m ean p e a k  e n e r g i e s  w e r e  8 6 . 2  k e V  i n
d e t e c t o r  D l  and  8 6 . 9  k eV  i n  d e t e c t o r  D 3 . T h e s e  d e v i a t i o n s  c o u l d  r e p r e s e n t
a  m i s a l i g n m e n t  o f  1 , 2  a n d  4  d e g r e e s  r e s p e c t i v e l y .  H o w e v e r ,  t h e  f a c t  t h a t
b o t h  v a l u e s  a r e  g r e a t e r  t h a n  e x p e c t e d  may b e  due t o  t h e  f i n i t e  d i m e n s i o n s
o f  t h e  i n c i d e n t  and s c a t t e r e d  b e a m s .  The p a t h  l e n g t h  o f  t h o s e  d e t e c t e d
p h o t o n s  w h i c h  w e r e  s c a t t e r e d  t h r o u g h  a n g l e s  l e s s  t h a n  9 0 °  w as s h o r t e r  t h a n
o
t h a t  f o r  p h o t o n s  s c a t t e r e d  t h r o u g h  a n g l e s  g r e a t e r  t h a n  9 0  . T h e r e  w i l l  be
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FIGURE 5 . 1 .  C h an g es  i n  t h e  b a c k g r o u n d  c o u n t  r a t e  f o r  d e t e c t o r  D I d u r i n g  
t h e  p e r i o d  o f  d a t a  a c c u m u l a t i o n .
100-1
UJ
Z'
z
<
X
o
oc
UJ
CL
*2z
D
o
o
UJ
>
P
UJcc
80-
60-
40*
20-*
I
38 54 70
ENERGY (keV)
T “
86 102
FIGURE 5 . 2 .  E n e r g y  s p e c t r u m  r e c o r d e d  i n  d e t e c t o r  D I  f o r  p h o t o n s  s c a t t e r e d  
by  a p i n e  o b j e c t  2 1  x  21  x  1 4  cm. The s p e c t r u m  h a s  b e e n  f i v e  
p o i n t  s m o o t h e d .
TABLE 5 . 1
A t t e n u a t i o n  c o e f f i c i e n t s  m e a s u r e d  f o r  w o o d en  o b j e c t s  u s i n g  t h e  c l i n i c a l  s y s t e m .
8 4 keV 1 0 3  k e V
O b j e c t
C a l c u l a t e d  
N a r ro w  Beam  
C o e f f i c i e n t  
( c i / . g ’ 1 )
M e a s u r e d
C o e f f i c i e n t
C a l c u l a t e d  
N a r ro w  Beam 
C o e f f i c i e n t  
(cm2 . g " * >
M e a s u r e d
C o e f f i c i e n t
B a l s a 0 . 1 7 3 0 . 1 6 5 0 . 1 6 1 0 . 1 5 0
P i n e 0 . 1 7 3 0 . 1 7 9 0 . 1 6 1 0 . 1 6 2
M a p le 0 . 1 7 3 0 . 1 7 2 0 . 1 6 1 0 . 1 5 5
1 6 3
a p r e f e r e n t i a l  a t t e n u a t i o n  o f  s i n g l y  s c a t t e r e d  p h o t o n s  w i t h  e n e r g i e s  l e s s  
th a n  8 5 . 9  k e V  and  t h e  p e a k  e n e r g y  w i l l  b e  s h i f t e d  t o w a r d s  h i g h e r  e n e r g i e s .
The t o t a l  num ber o f  s c a t t e r e d  c o u n t s  was e x t r a c t e d  f r o m  e a c h  r e c o r d e d  
s p e c t r u m  f o r  e n e r g y  w ind ow s o f  7 4  t o  1 0 1  k e V  i n  d e t e c t o r s  D I  and 7 3  t o  1 0 4  
k e V  i n  d e t e c t o r  D 3 . The minim um  num ber o f  c o u n t s  a c c u m u l a t e d  i n  a n y  
m e a s u r e m e n t  w as 2 , 8 5 0 .  B a c k g r o u n d  s p e c t r a  w e r e  t r e a t e d  s i m i l a r l y .  The  
minimum num ber o f  c o u n t s  c o l l e c t e d  d u r i n g  a n y  20 m i n u t e  b a c k g r o u n d  
a c c u m u l a t i o n  was 7 3 0 .  S c a t t e r e d  c o u n t  r a t e s  w ere  c a l c u l a t e d  a f t e r  c o r r e c t i o n  
f o r  b a c k g r o u n d  and d e c a y .
The r a t i o  o f  t h e  a p p a r e n t  t o  t r u e  d e n s i t y  was c a l c u l a t e d  f o r  e a c h
o b j e c t  u s i n g  e x p r e s s i o n  2 . 2 6 .  The r a t i o s  w e r e  c o r r e c t e d  f o r  t h e  d i f f e r e n c e s
i n  b e t w e e n  w a t e r  and wood ( S e c t i o n  3 . 3 . 2 )  and  f o r  t h e  e f f e c t s  o f  f i n i t e
g e o m e t r y  ( S e c t i o n  3 . 3 . 4 ) .  T h e  r e s u l t s  a r e  show n i n  f i g u r e  5 . 3  p l o t t e d  a s
a  f u n c t i o n  o f  t h e  t r a n s m i s s i o n  o f  8 4 . 3  k e V  p h o t o n s  t h r o u g h  e a c h  o b j e c t .
T h i s  d a t a  i s  t o  b e  c o m p a r e d  w i t h  t h a t  o b t a i n e d  p r e v i o u s l y  and  p r e s e n t e d
i n  f i g u r e  3 . 2 .  The s l o p e s  o f  t h e  two r e g r e s s i o n  l i n e s  a r e  s i m i l a r ,
0 . 1 8 4  *  0 . 0 1 8  and 0 . 1 9 9  *  0 . 0 1 2  r e s p e c t i v e l y ,  b u t  a r e  s i g n i f i c a n t l y
d i f f e r e n t  ( 0 , 0 5 >  p >  0 . 0 2 ) .  The—d a t a —f o r —the™ G -l-ini-ca -l -™ sy .stem -w as^c-orre&t& d
f a r u i L i n i t e ^ g e o m e t r y —a n d - ,£ o r —^ - d i £ f e - r e n c e s  . The u n c o r r e c t e d  i n t e r c e p t s ,
A
0 . 4 8 6  and  0 . 3 6 4  r e s p e c t i v e l y ,  show a  c o n s i d e r a b l e  d i f f e r e n c e .  T h i s  r e f l e c t s  
t h e  r e d u c t i o n  i n  t h e  i n f l u e n c e  o f  m u l t i p l e  s c a t t e r i n g  due t o  t h e  s t r i c t e r  
c o l l i m a t i o n  e m p lo y e d  i n  t h e  l u n g  d e n s i t o m e t e r .
T he r e g r e s s i o n  l i n e  o f  f i g u r e  5 . 3  p r e d i c t s  a v a l u e  f o r  t h e  w a t e r  s t a n d a r d  
w h ic h  i s  8 . 8 7 .  l e s s  t h a n  t h e  m e a s u r e d  v a l u e .  T h i s  d i f f e r e n c e  was 1 3 .4 7 »  i n  
t h e  p r e v i o u s  m e a s u r e m e n t s .  The r e l a t i o n  b e t w e e n  t h e  i n a c c u r a c y  o f  a d e n s i t y  
m e a s u r e m e n t  and t h e  m u l t i p l e  s c a t t e r  c o n t r i b u t i o n  m e a s u r e d  i n  a s e c o n d
16+
l°"e (Ja)
FIGURE 5 , 3 .  R a t i o  o f  a p p a r e n t  t o  t r u e  d e n s i t y  a s  a f u n c t i o n  o f  t r a n s m i s s i o n
o f  8 4  keV p h o t o n s  t h r o u g h  th e  o b j e c t  (o  -  b a l s a ,  • -  p i n e ,
d  -  m a p l e ,  *  -  w a t e r  s t a n d a r d ) .  The l e a s t  s q u a r e s  f i t t e d
s t r a i g h t  l i n e  t o  t h e  d a t a  f o r  th e  wooden o b j e c t s  i s  shown  
( i n t e r c e p t  -  0 . 5 2 3 ;  s l o p e  = 0 . 1 8 4 ) .
T o t a l  c o u n t s  w e r e  o b t a i n e d  f o r  a n  e n e r g y  w indow  o f  f r o m  3 7  t o  68 k e V  f o r
d e t e c t o r  D l  and f r o m  4 3  t o  7 0  k e V  f o r  d e t e c t o r  D 3 . M u l t i p l e  s c a t t e r  c o u n t
r a t e s  w e re  c a l c u l a t e d  and c o r r e c t e d  f o r  b a c k g r o u n d ,  d e c a y  and  f o r  t h e
c o n t r i b u t i o n  o f  C om pton s c a t t e r i n g  w i t h i n  th e  d e t e c t o r  o f  p h o t o n s  fr o m
t h e  h i g h e r  e n e r g y  w in d o w . T h i s  l a t t e r  c o r r e c t i o n  f a c t o r  w as o b t a i n e d  f o r
d e t e c t o r s  D l  and D3 b y  r e c o r d i n g  t h e  s p e c t r u m  o f  t h e  8 8 . 1  k e V  gamma r a y  
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o f  C d ,  F i n a l l y  m u l t i p l e  s c a t t e r  c o u n t  r a t e s  w e r e  c o r r e c t e d  f o r  
a t t e n u a t i o n  a s s u m i n g  t h a t  t h e  a p p r o p r i a t e  c o e f f i c i e n t s  w e r e  t h o s e  c a l c u l a t e d  
a t  5 5  k e V  f o r  b o t h  wood and w a t e r .  The r a t i o  o f  m e a s u r e d  t o  t r u e  d e n s i t y  
h a s  b e e n  p l o t t e d  i n  f i g u r e  5 . 4  a s  a  f u n c t i o n  o f  t h e  r a t i o  o f  t h e  m u l t i p l e  
s c a t t e r  c o u n t  r a t e s  f o r  t h e  o b j e c t  and f o r  w a t e r .  Two l i n e a r  r e g r e s s i o n s  
w e r e  c a l c u l a t e d ;  one f o r  t h e  w o o den  o b j e c t s  a l o n e  and t h e  o t h e r  f o r  a l l  
o b j e c t s  i n c l u d i n g  t h e  w a t e r  s t a n d a r d .  The c o r r e l a t i o n  c o e f f i c i e n t s  f o r  
t h e  tw o  r e g r e s s i o n s  w e re  0 . 9 4 4  and 0 . 8 9 6  r e s p e c t i v e l y .  The s l o p e  o f  t h e  
r e g r e s s i o n  l i n e  f o r  a l l  o b j e c t s  ( 0 . 4 0 3 )  was s i m i l a r  t o  t h a t  o b t a i n e d  i n  
f i g u r e  3 . 2 8  u s i n g  t h e  HPGe d e t e c t o r  ( 0 . 3 8 5 ) .
T h e s e  r e s u l t s  s u g g e s t  a g a i n  t h a t  t h e  r e l a t i o n  b e t w e e n  d e n s i t y  and  
m u l t i p l e  s c a t t e r i n g  i s  l i n e a r  f o r  t h e  r a n g e s  o f  o b j e c t  s i z e  a nd  d e n s i t y  
c o n s i d e r e d .  The b r o a d  r a n g e  f o r  b o t h  s i z e  and d e n s i t y  o f  t h e  o b j e c t s  
e x a m in e d  s h o u l d  b e e m p h a s i z e d  h e r e :  f o r  s m a l l ,  lo w  d e n s i t y  w ooden  o b j e c t s
(7  x  7 x  1 4  cm; 0 . 1 6 2  g . c m - 3 ) ;  l a r g e ,  d e n s e  w o o den  o b j e c t s  ( 2 8  x  2 8  x  1 4  cm;
0 . 7 5 4  g . c m " 3 ) and t h e  c a l i b r a t i o n  s t a n d a r d  ( 1 2  x  2 0  cm: 1.0  g . c m - 3 ) ,  t h e  
r e s i d u a l  e r r o r  i n  t h e  d e n s i t y  m e a s u r e m e n t  a p p e a r s  t o  b e  l i n e a r l y  r e l a t e d  
t o  t h e  m u l t i p l e  s c a t t e r  c o u n t  r a t e .
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e n e r g y  r e g i o n  was i n v e s t i g a t e d  u s i n g  th e  r e c o r d e d  s c a t t e r e d  s p e c t r a .
l(o(p
FIGURE 5 . 4 .  R e l a t i o n  b e t w e e n  t h e  r a t i o  o f  a p p a r e n t  t o  t r u e  d e n s i t y  and  
th e  r a t i o  o f  m u l t i p l e  s c a t t e r  c o u n t  r a t e s  f o r  th e  o b j e c t  
and f o r  w a t e r  a s  m e a s u r e d  i n  the lu n g  d e n s i t o m e t e r .
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D e s p i t e  t h e s e  e n c o u r a g i n g  r e s u l t s ,  c o r r e c t i o n s  f o r  n e i t h e r  m u l t i p l e  
s c a t t e r i n g  n o r  f i n i t e  g e o m e t r y  h a v e  b e e n  made i n  t h e  hr vjv© r e s u l t s  
r e p o r t e d  l a t e r .  T h i s  i s  p a r t l y  b e c a u s e  t h e  i m p l e m e n t a t i o n  o f  t h e  m e th o d  
f o r  m u l t i p l e  s c a t t e r  c o r r e c t i o n  w i l l  r e q u i r e  a d d i t i o n a l  NIM m o d u l e s .  The  
m a j o r  r e a s o n  h o w e v e r  i s  t h a t  a l l  i n  v i v o  e x p e r i m e n t s  a r e  c o n c e r n e d  w i t h  
i n t r a - s u b j e c t  c h a n g e s .  F o r  a t y p i c a l  t r a n s m i t t a n c e  t h r o u g h  t h e  t h o r a x  
i t  i s  t o  b e  e x p e c t e d  t h a t  t h e  r a t i o  o f  m e a s u r e d  t o  t r u e  d e n s i t y  i n  v i v o  
w i l l  b e  a b o u t  0 . 9  ( f i g u r e  5 . 3 ) .
5 . 3  I n - v i v o  M e a s u r e m e n t s
5 . 3 . 1  The D e p e n d e n c e  o f  D e n s i t y  u p o n  t h e  V o lu m e o f  A i r  i n  t h e  Lu ng
The i n f l u e n c e  o f  t h e  a i r  c o n t e n t  o f  l u n g  t i s s u e  u p o n  d e n s i t y  was  
m e a s u r e d  i n  t h r e e  n o r m a l  v o l u n t e e r s .  E a c h  s u b j e c t  s a t  i n s i d e  t h e  C - f r a m e  
o f  t h e  d e n s i t o m e t e r  and  b r e a t h e d  t h r o u g h  a  m o u t h p i e c e  i n t o  a  7 - l i t r e  
s p i r o m e t e r .  The v o lu m e  o f  a i r  e x p i r e d  f r o m  f u l l  i n s p i r a t i o n  t o  f u l l  
e x p i r a t i o n ,  t h a t  i s  t h e  v i t a l  c a p a c i t y ,  was m e a s u r e d  f i v e  t o  s i x  t i m e s  
i n  s u c c e s s i o n .  The s u b j e c t  t h e n  b r e a t h e d  q u i e t l y  i n t o  and  o u t  o f  t h e  
s p i r o m e t e r  and t h e  c h a r t  was m a r k e d  a t  t h e  l e v e l  c o r r e s p o n d i n g  t o  t h e  
v o lu m e  o f  a i r  r e m a i n i n g  i n  t h e  l u n g  a f t e r  e a c h  b r e a t h ,  t h a t  i s  t h e  f u n c t i o n a l  
r e s i d u a l  c a p a c i t y  ( F R G ) . T h e  c h a r t  w as a l s o  m ark e d  a t  v o l u m e s  w h ic h  
c o r r e s p o n d e d  t o  1 l i t r e  a b o v e  and b e l o w  FRC and t o  2  l i t r e s  a b o v e  FRC.
In  t h i s  way t h e  e f f e c t  u p o n  d e n s i t y  o f  c h a n g i n g  th e  v o lu m e  o f  a i r  w i t h i n  
t h e  l u n g  b y  known i n c r e m e n t s  f r o m  a  d e f i n e d  p h y s i o l o g i c a l  r e f e r e n c e  p o i n t  
c o u l d  b e  m e a s u r e d .
F o r  e a c h  d e n s i t y  m e a s u r e m e n t ,  t h e  s u b j e c t  i n h a l e d  u n t i l  t h e  v o lu m e  
o f  a i r  i n  th e  lu n g  was a t  t h e  s e l e c t e d  l e v e l  a s  i n d i c a t e d  b y  t h e  s p i r o m e t e r .  
W h i l e  t h e  s u b j e c t  h e l d  h i s  b r e a t h ,  s c a t t e r e d  a n d  t r a n s m i t t e d  c o u n t s  w ere
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S l ,  e x p o s e d .  T h i s  p r o c e d u r e  w as r e p e a t e d  f o r  a  t o t a l  c o u n t i n g  t im e  o f
2 t o  3 m i n u t e s  a t  t h e  s e l e c t e d  a i r  v o l u m e .  T r a n s m i t t e d  c o u n t s  f r o m  t h e
^ 7 ^Tm s o u r c e ,  S 2 ,  w e r e  m e a s u r e d  i n  d e t e c t o r  D l  d u r i n g  a n o t h e r  3 0 - s e c o n d
i n t e r v a l .  The d u a l  s o u r c e  m o d u l e s  w e r e  m oved t o  t h e i r  s e c o n d  m e a s u r e m e n t
p o s i t i o n s  and s c a t t e r e d  c o u n t s  w e r e  m e a s u r e d  i n  d e t e c t o r  D3 w i t h  t h e  
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s e c o n d  i J J Sm s o u r c e ,  S 3 ,  e x p o s e d  f o r  a n o t h e r  4  t o  6 t h i r t y  s e c o n d  i n t e r v a l s .
T o  e x p r e s s ,  f o r  e a c h  s u b j e c t ,  t h e  v o lu m e  o f  a i r  i n  t h e  lu n g  a t  w h ic h  
d e n s i t y  was m e a s u r e d  a s  a  f r a c t i o n  o f  t h e  t o t a l  v o lu m e o f  a i r  w i t h i n  t h e  
l u n g ,  i t  was n e c e s s a r y  t o  m e a s u r e  t o t a l  l u n g  c a p a c i t y  ( T L C ) . T h i s  was  
done u s i n g  a  h e l i u m  d i l u t i o n  t e c h n i q u e  ( S l o n i m  and H a m i l t o n ,  1 9 7 1 )  i n  
t h e  c a r d i o - r e s p i r a t o r y  u n i t .  E a ch  s u b j e c t  b r e a t h e d  i n t o  a  s p i r o m e t e r  
w h ic h  c o n t a i n e d  a  known v o lu m e  o f  a i r  a n d  a known c o n c e n t r a t i o n  o f  h e l i u m .  
The s u b j e c t  b r e a t h e d  q u i e t l y  u n t i l  t h e  h e l i u m  e q u i l i b r a t e d  i n  t h e  c o m b in e d  
a i r  v o lu m e  o f  t h e  s u b j e c t  a n d  t h e  s p i r o m e t e r .  T o t a l  l u n g  c a p a c i t y  c o u l d  
t h e n  b e  c a l c u l a t e d  f r o m  t h e  c h a n g e  i n  h e l i u m  c o n c e n t r a t i o n  and t h e  o r i g i n a l  
s p i r o m e t e r  v o l u m e .  V i t a l  c a p a c i t y  was a l s o  m e a s u r e d  u s i n g  t h e  s e c o n d  
s p i r o m e t e r  s o  t h a t  t h e  h e l i u m  d i l u t i o n  m e a s u r e m e n t  o f  TLC c o u l d  b e  c o r r e c t e d  
f o r  a n y  d i f f e r e n c e s  b e t w e e n  t h e  tw o s p i r o m e t e r s .  R e s u l t s  f o r  t h e  t h r e e  
v o l u n t e e r s  a r e  shown i n  f i g u r e  5 . 5 .  A s  e x p e c t e d ,  l u n g  d e n s i t y  f a l l s  a s  
t h e  f r a c t i o n  o f  l u n g  v o lu m e  o c c u p i e d  b y  a i r  i n c r e a s e s .  I f  a l l  t w e l v e  
m e a s u r e m e n t s  a r e  f i t t e d  t o  a  s i n g l e  s t r a i g h t  l i n e ,  t h e  c h a n g e  i n  d e n s i t y  
f o r  a c h a n g e  i n  a i r  v o lu m e  o f  0 . 1  TLC i s  0 . 0 4  g .c m  . S i n c e ,  t y p i c a l l y ,  
t i d a l  v o l u m e ,  w h i c h  i s  t h e  v o lu m e  o f  a i r  m oved i n t o  o r  o u t  o f  t h e  lu n g  
w i t h  e a c h  b r e a t h ,  i s  l e s s  t h a n  0 . 1  TLC t h e  f l u c t u a t i o n s  i n  d e n s i t y  e x p e c t e d  
i n  a  n o r m a l  s u b j e c t  d u r i n g  q u i e t  b r e a t h i n g  w i l l  b e  l e s s  t h a n  0 . 0 4  g . c m ” 3 .
153a c c u m u la t e d  i n  d e t e c t o r s  D l  and  D2 f o r  30  s e c o n d s  w i t h  th e  Sm s o u r c e ,
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AIR VOLUME (fraction of T.L.C.)
FIGURE 5 . 5 .  C h an g es  i n  lu n g  d e n s i t y  p r o d u c e d  b y  v a r y i n g  th e  v o lu m e o f  
a i r  w i t h i n  th e  lu n g  f o r  t h r e e  n o r m a l  v o l u n t e e r s .
FIGURE 5 . 6 .  D i f f e r e n c e s  i n  lu n g  d e n s i t y  m e a su re d  a t  d i f f e r e n t  h e i g h t s  
w i t h i n  t h e  r i g h t  lu n g s  o f  t h r e e  n o r m a l v o l u n t e e r s .
The same p r o c e d u r e  a s  d e s c r i b e d  a b o v e  was u s e d  t o  d e t e r m i n e  t h e  e f f e c t
o f  m e a s u r i n g  d e n s i t y  a t  v a r i o u s  h e i g h t s  w i t h i n  t h e  l u n g .  D e n s i t i e s  w ere
m e a s u r e d  a t  f u n c t i o n a l  r e s i d u a l  c a p a c i t y  f o r  th e  same t h r e e  v o l u n t e e r s .
The r e s u l t s  a r e  p r e s e n t e d  i n  f i g u r e  5 . 6 .  I t  i s  s u s p e c t e d  t h a t  t h e  r e s u l t
o b t a i n e d  a t  t h e  b a s e  o f  th e  r i g h t  l u n g  i n  one s u b j e c t  i s  e r r o n e o u s .  In
a l l  p r o b a b i l i t y  t h e  s c a t t e r i n g  v o lu m e  i n c l u d e d  a  f r a c t i o n  o f  l i v e r  t i s s u e .
E x c l u d i n g  t h i s  one r e s u l t ,  t h e  s l o p e  o f  t h e  s t r a i g h t  l i n e  f i t t e d  t o  t h e
-3  -i
r e m a i n i n g  11 r e s u l t s  i s  0.002  g .c m  .cm  . T h i s  s u g g e s t s  t h a t  t h e  l e v e l  
a t  w h i c h  d e n s i t y  m e a s u r e m e n t s  a r e  made i n  n o r m a l  s u b j e c t s  i s  n o t  i m p o r t a n t  
p r o v i d e d ,  o f  c o u r s e ,  t h a t  t h e  s c a t t e r i n g  v o lu m e  i s  t o t a l l y  r e s t r i c t e d  t o  
l u n g  t i s s u e .
5 - 3 . 2  The V a r i a t i o n  o f  D e n s i t y  w i t h  H e i g h t  w i t h i n  th e  Lung
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6 . 1  I n t r o d u c t i o n
M e a s u r e m e n t  o f  t h e  f r a c t i o n a l  c o n t e n t  o f  b l o o d  i n  t h e  l u n g  r e q u i r e s  
t h e  q u a n t i t a t i o n  o f  t h e  v o l u m e  o f  b l o o d  w h i c h  i s  p r e s e n t  w i t h i n  a  d e f i n e d  
v o l u m e  o f  l u n g  t i s s u e .  T h i s  v o l u m e  c a n  b e  d e f i n e d ,  a s  i n  t h e  l u n g  
d e n s i t o m e t e r ,  b y  t h e  i n t e r s e c t i o n  o f  a  c o l l i m a t e d  p h o t o n  b e a m  a n d  t h e  
f i e l d  o f  v i e w  o f  a  c o l l i m a t e d  d e t e c t o r .  T h e  f r a c t i o n  o f  t h i s  v o l u m e  
o c c u p i e d  b y  b l o o d  c a n  b e  m e a s u r e d  w h e n  b l o o d  i s  l a b e l l e d  w i t h  a  s t a b l e  
i s o t o p e .  P h o t o n s  o f  t h e  e x c i t a t i o n  b e a m  i n t e r a c t  p h o t o e l e c t r i c a l l y  w i t h  
s t a b l e  a t o m s  t o  p r o d u c e  c h a r a c t e r i s t i c  x - r a y s  w h i c h  a r e  o b s e r v e d  b y  t h e  
d e t e c t o r .  T h i s  i s  t h e  t e c h n i q u e  o f  f l u o r e s c e n c e  e x c i t a t i o n  a n d  i s  
d e s c r i b e d  f u l l y  i n  C h a p t e r  7 .  A  v o l u m e  o f  l u n g  t i s s u e  c a n  a l s o  b e  d e f i n e d  
b y  t h e  i n t e r s e c t i o n  o f  t h e  f i e l d s  o f  v i e w  o f  t w o  c o l l i m a t e d  d e t e c t o r s .
I n  t h i s  c a s e  i t  i s  n e c e s s a r y  t o  u s e  a  r a d i o i s o t o p e  w h i c h  e m i t s ,  f o r  e a c h  
d e c a y ,  t w o  p h o t o n s  c o i n c i d e n t  i n  t i m e .  I f  t h e  t w o  p h o t o n s  a r e  d e t e c t e d ,  
o n e  i n  e a c h  d e t e c t o r ,  t h e n  t h e  e v e n t  m u s t  h a v e  b e e n  l o c a t e d  w i t h i n  t h e  
c o m m o n  f i e l d  o f  v i e w  o f  t h e  t w o  d e t e c t o r s .  W i t h  a p p r o p r i a t e  c a l i b r a t i o n  
i t  s h o u l d  b e  p o s s i b l e  t o  r e l a t e  t h e  n u m b e r  o f  d e t e c t e d  c o i n c i d e n t  e v e n t s  
t o  t h e  v o l u m e  o f  b l o o d  p r e s e n t  w i t h i n  t h e  c o m m o n  v o l u m e  o b s e r v e d  b y  t h e  
d e t e c t o r s .  O n e  m e t h o d  o f  o b t a i n i n g  c o i n c i d e n t  p h o t o n s  i s  t o  u s e  a n  i s o t o p e  
w h i c h  e m i t s  g a m m a  r a y  c a s c a d e s .  T h e  a p p l i c a t i o n  o f  t h i s  m e t h o d  t o  t h e  
i n  v i v o  m e a s u r e m e n t  o f  f r a c t i o n a l  l u n g  b l o o d  v o l u m e  i s  t h e  t o p i c  o f  t h i s  
C h a p t e r .
6 . 2  P r e d i c t e d  R a t e s  o f  D e t e c t i o n  f o r  P h o t o n  C a s c a d e s
T h e  p u r p o s e  o f  t h i s  s e c t i o n  i s  t o  i d e n t i f y  t h o s e  f a c t o r s  w h i c h  w i l l  
b e  i m p o r t a n t  i n  t h e  a s s e s s m e n t  o f  t h e  t e c h n i q u e .  T h i s  a p p l i c a t i o n  o f  
c a s c a d e  e m i t t i n g  i s o t o p e s  i s  b y  n o  m e a n s  o r i g i n a l .  I n  1 9 5 1  K u n k e l  p r o p o s e d ,
1 7 2
a l t h o u g h  h e  d i d  n o t  d e m o n s t r a t e ,  t h a t  t h e  m e t h o d  c o u l d  b e  u s e d  f o r  i n  v i v o  
q u a n t i t a t i o n  o f  c a s c a d e  e m i t t i n g  i s o t o p e s .  S i n c e  t h a t  t i m e  b o t h  H a r t  
( 1 9 6 8 )  a n d  S c h m i t z - F e u e r h a k e  ( 1 9 7 0 )  h a v e  p r e s e n t e d  t h e o r e t i c a l  a n a l y s e s  
o f  t h e  t e c h n i q u e  a s  a p p l i e d  t o  t h e  p r o d u c t i o n  o f  t h r e e  d i m e n s i o n a l  i m a g e s .
I f  t w o  d e t e c t o r s  a r e  a r r a n g e d  a s  s h o w n  i n  f i g u r e  6 . 1  a n d  i f  a  p o i n t  
s o u r c e  o f  a c t i v i t y  A  B q  i s  p o s i t i o n e d  a t  t h e  c e n t r e  o f  t h e i r  c o m m o n  f i e l d  
o f  v i e w ,  t h e n  t h e  r a t e  o f  d e t e c t i o n  o f  p h o t o n s  i n  i s  2e ^ A  w h e r e  i s  
t h e  g e o m e t r i c a l  d e t e c t i o n  e f f i c i e n c y  o f  f o r  e i t h e r  o f  t h e  t w o  c a s c a d e  
p h o t o n s .  T h i s  a s s u m e s  t h a t  e a c h  d e c a y  i s  a c c o m p a n i e d  b y  t h e  e m i s s i o n  o f  
t w o  p h o t o n s  i n  c a s c a d e ,  t h a t  t h e  p h o t o n s  a r e  e m i t t e d  i s o t r o p i c a l l y ,  t h a t  
t h e  d e t e c t o r s  a r e  o p e r a t e d  w i t h  l o w  e n e r g y  d i s c r i m i n a t i o n  o n l y  a n d  t h a t  
t h e  c r y s t a l  p h o t o f r a c t i o n  i s  u n i t y .  W h e n  b o t h  p h o t o n s  f r o m  a  s i n g l e  c a s c a d e
a r e  i n t e r c e p t e d  b y  t h e  s a m e  d e t e c t o r  t h e  e n e r g i e s  o f  t h e  t w o  p h o t o n s  w i l l
b e  s u m m e d  s i n c e  t h e  t i m e  r e q u i r e d  f o r  a  s i n g l e  N a l ( T l )  d e t e c t o r  t o  s e p a r a t e  
t w o  p h o t o n s  i n  t i m e  (c; ^ p s e c )  i s  l o n g  c o m p a r e d  t o  t h e  l i f e t i m e  o f  t h e  
i n t e r m e d i a t e  i s o m e r i c  s t a t e  (a p s e c ) . I f  e n e r g y  w i n d o w s  a r e  s e t  o n  e a c h  
d e t e c t o r  s o  t h a t  e i t h e r  p h o t o n  i s  a c c e p t e d  a n d  s u m m e d  e v e n t s  a r e  e x c l u d e d ,  
t h e  " s i n g l e s "  c o u n t  r a t e ,  n ^ ,  i n  i s  g i v e n  b y
n^ - 2e1A - e ^ A  6.1
S i m i l a r l y ,
n2 ■ “ e22A 6,2
T h e  n u m b e r  o f  c a s c a d e s  e m i t t e d  p e r  s e c o n d  i s  e q u a l  t o  t h e  a c t i v i t y  A .
T h e  n u m b e r  o f  o c c a s i o n s  p e r  s e c o n d  f o r  w h i c h  t h e  f i r s t  p h o t o n  o f  a  c a s c a d e  
i s  d e t e c t e d  i n  a n d  t h e  s e c o n d  i n  D 2 w i l l  b e  e ^ ^ A .  S i n c e  e i t h e r  p h o t o n  
c a n  b e  d e t e c t e d  i n  e i t h e r  d e t e c t o r  ( t h e  t i m e  d e l a y  i m p o s e d  b y  t h e  e l e c t r o n i c s  
i s  v e r y  m u c h  g r e a t e r  t h a n  t h e  r e a l  t i m e  d i f f e r e n c e  b e t w e e n  d e t e c t i o n  o f  t h e
t w o  p h o t o n s ) ,  t h e  t o t a l  " t r u e  c o i n c i d e n c e "  c o u n t  r a t e ,  n c , i s  g i v e n  b y
n c  *  2e ^ e 2A  6 . 3 .
I n  e a c h  s e c o n d ,  t h e  n u m b e r  o f  c o u n t s  w h i c h  a r e  o b s e r v e d  i n  a n d  w h i c h  
a r e  n o t  a s s o c i a t e d  w i t h  t h e  d e t e c t i o n  i n  D 2 o f  t h e  s e c o n d  p h o t o n  o f  a  
c a s c a d e  p a i r ,  i s  ( n ^ - n c ) . I f  t h e  r e s o l v i n g  t i m e  w i n d o w ,  t h a t  i s  t h e  t i m e  
i n t e r v a l  w i t h i n  w h i c h  t w o  d e t e c t e d  p h o t o n s ,  o n e  i n  e a c h  d e t e c t o r ,  w i l l  b e  
c o n s i d e r e d  t o  b e  c o i n c i d e n t ,  i s  T  s e c o n d s ,  t h e n  i n  o n e  s e c o n d ,  i s  
a v a i l a b l e  f o r  i n a p p r o p r i a t e  d e c i s i o n s  f o r  t h e  t i m e  ( n i * n c ) T  s e c o n d s .  T h e  
n u m b e r  o f  p h o t o n s  w h i c h  c o u l d  b e  d e t e c t e d  i n  D 2 d u r i n g  t h i s  t i m e  a n d  w h i c h  
w o u l d  b e  c o n s i d e r e d  a s  c a s c a d e  e v e n t s  i s  ( n i ~ n c ) ( n 2 - n c ) T .  S i n c e  e v e n t s  
d e t e c t e d  i n  t h e  r e v e r s e  o r d e r  w i l l  a l s o  b e  a c c e p t e d ,  t h e  t o t a l  " r a n d o m "  
c o i n c i d e n c e  r a t e ,  n r , i s  g i v e n  b y
n r  »  2 ( n 1 - n c ) ( n 2 - n c ) T  6 . 4 .
E x p a n d i n g  t h i s  e x p r e s s i o n ,  s u b s t i t u t i n g  f o r  n i ,  n 2  a n d  n c  a n d  n e g l e c t i n g
3  2 2  3
t e r m s  i n v o l v i n g  t h e  p r o d u c t s  e 2 , e ^  e 2 a n d  e ^ e 2 w e  h a v e
n r  »  4 T A 2e ^ e 2 |j2 -  3 ( e ^  +  e 2>j 6 . 5 .
T h e  r a t i o  o f  t h e  c o i n c i d e n c e  t o  r a n d o m  c o u n t  r a t e s  m a y  b e  c o n s i d e r e d
a s  a  f i g u r e  o f  m e r i t  f o r  t h e  c a s c a d e  t e c h n i q u e .  T h i s  r a t i o  i s
n c  1
n r  '  - 3 ( e t  V  6 - 6 ‘
W h e n  ( e ^  +  e 2) < 0 .0 1 , a  c o n d i t i o n  w h i c h  w i l l  a p p l y  f o r  m o s t  i n  v i v o  
a p p l i c a t i o n s ,  e x p r e s s i o n  6 . 6  r e d u c e s  t o
n c  1
—  d ---------  6 . 7
a r  4 T A
T h u s  b o t h  t h e  r e s o l v i n g  t i m e  a n d  t h e  a c t i v i t y  m u s t  b e  s m a l l  t o  m a x i m i z e  t h e
f i g u r e  o f  m e r i t .  A t  t h e  s a m e  t i m e  t h e  a c t i v i t y  n e e d s  t o  b e  l a r g e  s o  t h a t
a n  v a l u e  o f  n c  c a n  b e  m e a s u r e d  ( e q u a t i o n  6 . 3 ) .  G i v e n  a  r e s o l v i n g
: 1 7 4
o f  n c  t o  n r  s h o u l d  b e ,  s a y  1 0 , i t  i s  p o s s i b l e  t o  c a l c u l a t e  f r o m  e q u a t i o n
6 . 7 ,  a  m a x i m u m  v a l u e  f o r  t h e  a c t i v i t y .  F o r  e x a m p l e ,  i f  t h e  r e s o l v i n g
t i m e  i s  1 0 0  n s e c ,  t h e  a c c e p t a b l e  a c t i v i t y  i s  a b o u t  0 . 2 5  M B q  ( 6 . 8  j i C i )  .
F o r  iji v i v o  m e a s u r e m e n t s  i t  m a y  b e  n e c e s s a r y  t o  i n c r e a s e  t h e  n u m b e r
o f  c a s c a d e  e v e n t s  d e t e c t e d  b y  u s i n g  m o r e  d e t e c t o r s .  T h e r e f o r e  t h e  e f f e c t
o n  t h e  f i g u r e  o f  m e r i t  o f  i n c r e a s i n g  t h e  n u m b e r  o f  d e t e c t o r s  s h o u l d  b e
c o n s i d e r e d .  I f  t h e r e  a r e  k  d e t e c t o r s  a n d  t h e  e f f i c i e n c y  o f  e a c h  d e t e c t o r
f o r  b o t h  g a m m a  r a y s  i s  e ,  t h e n  t h e  c o i n c i d e n c e  r a t e  i n  a n y  p a i r  o f  d e t e c t o r s
2
i s ,  f r o m  e q u a t i o n  6 . 3 ,  2 A e  . S i n c e  e a c h  d e t e c t o r  c a n  b e  i n  c o i n c i d e n c e
w i t h  ( k - 1 ) o t h e r  d e t e c t o r s ,  t h e  t o t a l  n u m b e r  o f  p o s s i b l e  p a i r s  i s  .
2
T h e  t o t a l  c o i n c i d e n c e  r a t e ,  N c » i n  a  m u l t i d e t e c t o r  s y s t e m  i s  g i v e n  b y
t i m e  f o r  a  p a r t i c u l a r  e x p e r i m e n t a l  a r r a n g e m e n t  a n d  g i v e n  t h a t  t h e  r a t i o
T h e  c o u n t  r a t e  o f  s i n g l e  e v e n t s  i n  a n y  d e t e c t o r  w i l l  b e  g i v e n  b y  t h e  
p r o b a b i l i t y  o f  d e t e c t i o n  o f  a  g a m m a  r a y ,  2 A e ,  l e s s  b o t h  t h e  p r o b a b i l i t y
o f  d e t e c t i o n  o f  a  c o i n c i d e n c e  b e t w e e n  t h a t  d e t e c t o r  a n d  t h e  o t h e r  ( k - 1 ) 
d e t e c t o r s .  T h u s  t h e  s i n g l e s  r a t e ,  N ,  i s  g i v e n  b y
N c  -  A e 2k ( k - 1 ) 6.8.
O
o f  d e t e c t i o n  o f  a  c a s c a d e  p a i r  i n  t h a t  d e t e c t o r ,  A e  , a n d  l e s s  t h e  p r o b a b i l i t y
N  -  2 A e  -  A e 2 -  2 A e 2 ( k - l )
2
T h e  r a n d o m  c o i n c i d e n c e  r a t e  o f  a  p a i r  o f  d e t e c t o r s  w i l l  b e  2 T N  a n d  t h e
t o t a l  s y s t e m  r a n d o m  c o i n c i d e n c e  r a t e ,  N r » w i l l  b e  g i v e n  b y
N  -  k ( k - l )  2 T N 2 
r 2
C o n s e q u e n t l y  t h e  f i g u r e  o f  m e r i t  f o r  t h e  m u l t i d e t e c t o r  s y s t e m  i s
6.10.
6 . 1 1 .
T h i s  e x p r e s s i o n  i s  t h e  s a m e  a s  t h a t  d e r i v e d  b y  H e l m e r s ,  V o n  B o e t t i c h e r  
a n d  S c h m i t z - F e u e r h a k e  ( 1 9 7 9 )  i n  t h e i r  e v a l u a t i o n  o f  a  m u l t i d e t e c t o r ,  
c a s c a d e  i m a g i n g  s y s t e m .  I f  e  a n d  k  a r e  s m a l l  t h e n  e q u a t i o n  6 . 1 1  r e d u c e s  
t o  t h e  s a m e  l i m i t  a s  t h e  t w o  d e t e c t o r  s y s t e m .  E x p r e s s i o n  6 . 1 1  i s  p l o t t e d  
f o r  v a r i o u s  v a l u e s  o f  k  a n d  e  i n  f i g u r e  6 . 2 .  I t  c a n  b e  s e e n  f r o m  f i g u r e
6 . 2  t h a t  f o r  l o w  g e o m e t r i c a l  d e t e c t i o n  e f f i c i e n c i e s ,  l i t t l e  i m p r o v e m e n t  
c a n  b e  m a d e  i n  t h e  c o i n c i d e n c e  t o  r a n d o m  r a t i o  b y  i n c r e a s i n g  t h e  n u m b e r  
o f  d e t e c t o r s  a l t h o u g h  o f  c o u r s e  t h e  a b s o l u t e  v a l u e  o f  b o t h  N c  a n d  N r  
w o u l d  i n c r e a s e .
T h e  a b o v e  a n a l y s i s  h a s  b e e n  c o n c e r n e d  s o l e l y  w i t h  a  p o i n t  s o u r c e .
F o r  d i s t r i b u t e d  s o u r c e s  t h e  a c t i v i t y  o u t s i d e  t h e  s e n s i t i v e  v o l u m e  m u s t  
b e  c o n s i d e r e d  a s  a  f u r t h e r  s o u r c e  o f  r a n d o m  c o i n c i d e n c e s .
6 . 3  M a t e r i a l s  a n d  M e t h o d s
6 . 3 . 1  S o u r c e  S e l e c t i o n
1 9 2 i r  w a s  s e l e c t e d  f o r  t h e  i n v e s t i g a t i o n  o f  t h e  c a s c a d e  t e c h n i q u e
b e c a u s e  o f  i t s  e a s y  a v a i l a b i l i t y  a n d  i t s  e x c e l l e n t  c a s c a d e  e m i s s i o n
c h a r a c t e r i s t i c s .  T h e  d e c a y  s c h e m e  i s  s h o w n  i n  f i g u r e  6 . 3  ( L e d e r e r ,
H o l l a n d e r  a n d  P e r l m a n ,  1 9 6 8 )  . T h e  m a j o r  d e c a y  p a t h s  a r e  t h e  n e g a t r o n
1 9 2
f e e d s  t o  t h e  9 2 1  a n d  7 8 5  k e V  s t a t e s  o f  P t .  T h e  p o s s i b l e  c a s c a d e s
s u b s e q u e n t l y  e m i t t e d  t o g e t h e r  w i t h  t h e  p h o t o n  i n t e n s i t i e s  a r e  l i s t e d  i n
t a b l e  6 . 1 .  T h e  i n t e r m e d i a t e  s t a t e s  o f  t h e  c a s c a d e s ,  t h e  6 1 2  a n d  3 1 6  k e V
l e v e l s ,  h a v e  l i f e t i m e s  o f  3 0  a n d  2 7  p s e c  r e s p e c t i v e l y .
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I r i d i u m  ( n a t u r a l  a b u n d a n c e  I r  *  3 7 . 3 7 » )  i s  a v a i l a b l e  i n  a  p u r e
1 9 1
f o r m  a s  w i r e  ( V e n t r o n  C o . ,  M o n t r e a l ,  Q u e b e c )  a n d  s i n c e  I r  h a s  a  h i g h
1 9 2
t h e r m a l  n e u t r o n  c a p t u r e  c r o s s  s e c t i o n  ( 7 5 0  b ) , I r  c a n  b e  p r o d u c e d  i n  
t h e  r e a c t o r .  A  2 . 5  c m  l e n g t h  o f  i r i d i u m  w i r e ,  o u t e r  d i a m e t e r  0 . 0 1 2 7  c m ,
P f t  K M
D i
F I G U R E  6 . 1 .  D e t e c t o r  a r r a n g e m e n t  f o r  c a s c a d e  m e a s u r e m e n t .
NUM BER OF DETECTORS (k)
F I G U R E  6 . 2 .  D e p e n d e n c e  o f  t h e  r a t i o  o f  t r u e  t o  r a n d o m  c o i n c i d e n c e s  o n  
t h e  n u m b e r  o f  d e t e c t o r s  i n  a  m u l t i c r y s t a l  c a s c a d e  s y s t e m ;  
t h e  e f f i c i e n c y  o f  e a c h  c r y s t a l  f o r  b o t h  g a m m a  r a y s  i s  e .
1 7 7
1 9 2 .
7 7 Ir  7 4 .2 d
F I G U R E  6 . 3 .  D e c a y  s c h e m e  f o r  ^ 9 2 I r
T A B L E  6 . 1
I n t e n s i t y  o f  p o s s i b l e  c a s c a d e s  o f  ^ 0 2 I r
C a s c a d e
P a i r
( k e V )
N e g a t r o n
F e e d
I n t e n s i t y
P h o t o n 1 P h o t o n 2 P h o t o n 3 T o t a l
I n t e n s i t yE n e r g y
( k e V )
I n t . E n e r g y
( k e V )
I n t . E n e r g y
( k e V )
I n t .
1. 5 8 9 / 2 9 6 0 . 0 4 5 5 8 9 0 . 9 1 2 9 6 0 . 8 4 0 . 0 3 1
2 . 5 8 9 / 3 1 6 0 . 0 4 5 5 8 9 0 . 9 1 2 9 6 * 0 . 8 4 3 1 6 1 .00 0 . 0 3 1
3 . 2 9 6 / 3 1 6 0 . 0 4 5 5 8 9 * 0 . 9 1 2 9 6 0 . 8 4 3 1 6 1 .00 0 . 0 3 1
0 . 4 2 3 0 8 * 0 . 7 7 2 9 6 0 . 8 4 3 1 6 1 .00 0 . 2 7  2
4 . 6 0 4 / 3 1 6 0 . 4 2 6 0 4 0. 22 3 1 6 1 .00 0 . 0 9
5 . 3 0 8 / 2 9 6 0 . 4 2 3 0 8 0 . 7 7 2 9 6 0 . 8 4 0 . 2 7 2
6 . 3 0 8 / 3 1 6 0 . 4 2 3 0 8 0 . 7 7 2 9 6 * 0 . 8 4 3 1 6 1 .00 0 . 2 7  2
7. 3 0 8 / 6 1 2 0 . 4 2 3 0 8 0 . 7 7 6 1 2 0 . 1 2 0 . 0 4 2
8 . 4 6 8 / 3 1 6 0 . 4 9 4 6 8 1 .00 3 1 6 1 .00 0 . 4 9
^  c a s c a d e s  m u t u a l l y  e x c l u s i v e p h o t o n  n o t  d e t e c t e d
w a s  s e a l e d  i n  q u a r t z  t u b i n g  ( 3 . 5  c m  l o n g ;  0 . 5  c m  O . D . )  t o  f o r m  a  t a r g e t
1 3  - 2  - 1
f o r  a c t i v a t i o n .  A s s u m i n g  a  n e u t r o n  f l u x  o f  1 . 2 5  x  1 0 X J  n c m  s e c  , t h e
1 9 2
c a l c u l a t e d  a c t i v i t y  o f  t h e  I r  s o u r c e  w a s  9 . 6  M B q  ( 2 6 0  j i C i )  a t  t h e  e n d  
o f  a  1 9  m  i r r a d i a t i o n .  T h e  s o u r c e  w a s  a l l o w e d  t o  c o o l  f o r  7  d  t o  a l l o w  
^ 4 I r  ( T ^  ■  1 7 . 4  h )  t o  d e c a y .
6 . 3 . 2  D e t e c t o r s ,  C o l l i m a t i o n  a n d  E l e c t r o n i c s
T w o  c y l i n d r i c a l  l e a d  s h i e l d s ,  o n e  o f  w h i c h  i s  s h o w n  d i a g r a m m a t i c a l l y  
i n  f i g u r e  6 . 4 ,  w e r e  c o n s t r u c t e d  t o  h o u s e  t w o  5 . 1  x  5 . 1  c m  N a l ( T l )  d e t e c t o r s  
T h e  h a l f  v a l u e  l a y e r  o f  l e a d  f o r  t o t a l  a b s o r p t i o n  o f  t h e  5 8 9 ,  6 0 4  a n d  
6 1 2  k e V  p h o t o n s  e m i t t e d  f r o m  1 0 ^ I r  i s  a b o u t  0 . 8 5  c m  a n d  t h e  m i n i m u m  s h i e l d  
t h i c k n e s s  i s  4 . 7  h a l f  v a l u e  l a y e r s .
T h e  e l e c t r o n i c  m o d u l e s  r e q u i r e d  f o r  t h e  c o i n c i d e n t  o p e r a t i o n  o f  t h e  
t w o  d e t e c t o r s  a r e  s h o w n  i n  f i g u r e  6 . 5 .  E a c h  c r y s t a l - p h o t o m u l t i p l i e r  t u b e  
u n i t  w a s  c o n n e c t e d  t h r o u g h  a  p r e a m p l i f i e r  t o  a n  a m p l i f i e r  ( C a n b e r r a ,  2 0 1 1 )  
w h i c h  h a d  a  s h a p i n g  t i m e  c o n s t a n t  o f  0 . 5  ^ i s e c .  T h e  b i p o l a r  o u t p u t s  o f  
e a c h  a m p l i f i e r  w e r e  f e d  t o  c r o s s o v e r  t i m i n g ,  s i n g l e  c h a n n e l  a n a l y z e r s  
( C a n b e r r a ,  2 0 3 7 ) .  T h e s e  m o d u l e s  p e r f o r m e d  t w o  a n a l y t i c a l  f u n c t i o n s .  F i r s t  
t h e  w i n d o w s  o f  e a c h  a n a l y z e r  w e r e  s e t  s o  t h a t  o n l y  p u l s e s  c o r r e s p o n d i n g  
t o  g a m m a  r a y s  w i t h i n  t h e  e n e r g y  r a n g e  o f  2 5 0  t o  5 5 0  k e V  w o u l d  b e  s e l e c t e d  
f o r  f u r t h e r  p r o c e s s i n g .  T h u s  t h e  c a s c a d e s  w h i c h  w o u l d  b e  o b s e r v e d  a r e  
t h o s e  l i s t e d  i n  t a b l e  6 . 1  a n d  n u m b e r e d  3 ,  5 ,  6 a n d  8 . T h e  s e c o n d  f u n c t i o n  
o f  t h e  a n a l y z e r  w a s  t o  p r o v i d e  f o r  e a c h  s e l e c t e d  p u l s e  a n  o u t p u t  s i g n a l  
w h i c h  i s  f i x e d  i n  t i m e  a n d  i s  n o t  d e p e n d e n t  u p o n  t h e  a m p l i t u d e  o f  t h e  
i n p u t  p u l s e .  T h e  o u t p u t s  f r o m  t h e  t w o  a n a l y z e r s  w e r e  d e l a y e d  b y  1  a n d  
2 jisec r e s p e c t i v e l y  s o  t h a t  t h e  p r o c e s s e d  s i g n a l  f r o m  D-^ p r o v i d e d  a  
" s t a r t "  p u l s e  f o r  a  t i m e - t o - p u l s e - h e i g h t  c o n v e r t e r  ( O r t e c ,  T P H C  4 6 7 )  w h i l e
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F I G U R E  6 . 4 .  L e a d  s h i e l d i n g  f o r  N a l ( T l )  d e t e c t o r s .
F IG U R E  6 . 5 . C a s c a d e  d e t e c t i o n  e l e c t r o n i c s .
t h e  p r o c e s s e d  s i g n a l  f r o m  D 2 p r o v i d e d  a  " s t o p "  p u l s e .  T h e  T P H C  m e a s u r e d  
t h e  t i m e  i n t e r v a l  b e t w e e n  t h e s e  t w o  s i g n a l s  a n d  g e n e r a t e d  a n  a n a l o g u e  
o u t p u t  p u l s e  p r o p o r t i o n a l  t o  t h a t  t i m e  i n t e r v a l .  A  t y p i c a l  f r e q u e n c y  
d i s t r i b u t i o n  o f  t h e  T P H C  o u t p u t  f o r  ^ ^ I r  i s  s h o w n  i n  f i g u r e  6 . 6 . T h e  
p e a k  a t  1000 n s e c ,  t h e  a r e a  o f  w h i c h  c o r r e s p o n d s  t o  t h e  n u m b e r  o f  d e t e c t e d  
t r u e  c a s c a d e  e v e n t s ,  s t a n d s  u p o n  a  r e l a t i v e l y  c o n s t a n t  s p e c t r u m  o f  r a n d o m  
t i m e  i n t e r v a l s .  T h e  c h a n c e  c o i n c i d e n c e  r a t e  i s  m e a s u r e d  i n  a  w i n d o w  w h i c h  
d o e s  n o t  i n c l u d e  t h e  p e a k  a n d  w h i c h  i s  o f  a  w i d t h  e q u a l  t o  t h a t  u s e d  f o r  
t h e  m e a s u r e m e n t  o f  t h e  p e a k  a r e a .
T h e  T P H C  o u t p u t  w a s  c a l i b r a t e d  b y  o b s e r v i n g  t h e  s h i f t  p r o d u c e d  i n  
t h e  t i m e  p e a k  w h e n  t h e  s i n g l e  c h a n n e l  a n a l y z e r  o f  D 2 w a s  d e l a y e d ,  u s i n g  
a  f r o n t  p a n e l  c o n t r o l ,  b y  a  f u r t h e r  5 0 0  n s e c .  F r o m  t h i s  c a l i b r a t i o n  t h e  
F W H M  o f  t h e  t i m i n g  p e a k  o f  f i g u r e  6 . 6  w a s  a b o u t  3 5  n s e c .  A  w i n d o w  o f  
100 n s e c  ( 9 5 0 - 1 0 5 0 )  w a s  s e l e c t e d  f o r  t h e  m e a s u r e m e n t  o f  t r u e  c o i n c i d e n c e  
c o u n t  r a t e s  w h i l e  c h a n c e  c o i n c i d e n c e  r a t e s  w e r e  e s t i m a t e d  f r o m  a  s e c o n d  
1 0 0  n s e c  w i n d o w  ( 8 5 0 - 9 5 0 )  p o s i t i o n e d  i m m e d i a t e l y  a d j a c e n t  t o  t h e  t i m i n g  
p e a k .  ( I n  o n e  s e r i e s  o f  m e a s u r e m e n t s  1 0 0  n s e c  w i n d o w s  w e r e  s e t  i m m e d i a t e l y  
b e l o w  a n d  a b o v e  t h e  t i m i n g  p e a k ;  e q u a l  c h a n c e  c o i n c i d e n c e  r a t e s  w e r e  
o b s e r v e d  i n  e a c h  w i n d o w . )
E a c h  d e t e c t o r  w a s  e n e r g y  c a l i b r a t e d  u s i n g  t h e  3 1 1 ,  4 6 8  a n d  6 0 3  k e V
1 9 2  1 3 7
p h o t o p e a k s  o f  I r  a n d  t h e  6 6 2  k e V  p e a k  o f  a  C s  c a l i b r a t i o n  s o u r c e .
D e t e c t o r  e n e r g y  r e s o l u t i o n  ( F W H M )  w a s  m e a s u r e d  f o r  e a c h  o f  t h e s e  f o u r
p h o t o p e a k s .
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T r u e  a n d  c h a n c e  c o i n c i d e n c e  r a t e s  w e r e  m e a s u r e d  w i t h  t h e  I r  s o u r c e  
p o s i t i o n e d  7  c m  f r o m  t h e  f a c e  o f  e a c h  d e t e c t o r  s h i e l d  a t  t h e  c e n t r e  o f  
t h e  v o l u m e  o f  i n t e r s e c t i o n  o f  t h e  t w o  f i e l d s  o f  v i e w  o f  e a c h  c o l l i m a t o r .
T h e  o b s e r v e d  c o u n t  r a t e s  w e r e  c o m p a r e d  t o  t h e  r a t e s  p r e d i c t e d  f r o m  t h e
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TIME INTERVAL (nsec)
F I G U R E  6 .6 . T y p i c a l  o u t p u t  s p e c t r u m  o f  t h e  t i m e  t o  p u l s e  h e i g h t  c o n v e r t e r .
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e q u a t i o n s  d e v e l o p e d  i n  s e c t i o n  6 . 2 .  T o  v e r i f y  t h a t  t h e  s o u r c e  w a s  
p o s i t i o n e d  c o r r e c t l y  a n d  t o  c o n f i r m  t h a t  t r u e  c a s c a d e  p h o t o n s  w e r e  
e m i t t e d  f r o m  a  r e g i o n  d e f i n e d  o n l y  b y  t h e  g e o m e t r y  o f  t h e  d e t e c t o r  
c o l l i m a t o r s ,  c o u n t  r a t e  p r o f i l e s  w e r e  m e a s u r e d  a s  t h e  s o u r c e  w a s  m o v e d  
a l o n g  e a c h  o f  t w o  o r t h o g o n a l  d i r e c t i o n s  t h r o u g h  t h e  s e n s i t i v e  v o l u m e .
6 . 4  R e s u l t s
T h e  a c t i v i t y  o f  t h e  ^ 0 2 I r  s o u r c e  m e a s u r e d  w i t h  t h e  c a l i b r a t e d  G e L i  
d e t e c t o r  a n d  c o r r e c t e d  f o r  d e c a y  t o  t h e  e n d  o f  i r r a d i a t i o n  w a s  9 . 3  "t 0 . 2  
M B q  ( 2 5 0  j i C i ) . T h i s  c o m p a r e s  f a v o u r a b l y  w i t h  t h e  p r e d i c t e d  a c t i v i t y  o f
9 . 6  M B q .
T h e  e n e r g y  r e s o l u t i o n  o f  e a c h  d e t e c t o r  i s  s h o w n  i n  f i g u r e  6 . 7 .  T h e
F W H M  f o r  t h e  t w o  d e t e c t o r s  a t  6 6 2  k e V  w e r e  8 . 9  a n d  1 0 . 2 %  r e s p e c t i v e l y .
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T h e  e n e r g y  s p e c t r u m  o b s e r v e d  w i t h  J>2 f ° r  I r  i s  s h o w n  i n  f i g u r e  6 . 8 .
T h e  c o u n t s  r a t e s  m e a s u r e d  i n  t h e  t w o  d e t e c t o r s  f o r  t h e  e n e r g y  r e g i o n
2 5 0  t o  5 5 0  k e V  w e r e  3 3 , 7 7 0  a n d  3 8 , 2 0 0  c p m  ("t 0 . 3 % )  r e s p e c t i v e l y  w h e n  t h e
m e a s u r e d  a c t i v i t y  o f  t h e  s o u r c e  w a s  5 . 2  M B q  ( 1 4 0  j i C i ) . T o  v e r i f y  t h a t
t h e s e  c o u n t  r a t e s  w e r e  a p p r o p r i a t e ,  g e o m e t r i c a l  c o u n t i n g  e f f i c i e n c i e s
w e r e  c a l c u l a t e d  f r o m  t h e  e x p r e s s i o n
n  *  e f A I  6 . 1 2
w h e r e  n  i s  t h e  s i n g l e s  c o u n t  r a t e ,  e  t h e  g e o m e t r i c a l  e f f i c i e n c y ,  f  t h e  c r y s t a l  
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p h o t o f r a c t i o n  f o r  I r  a n d  I  t h e  i n t e n s i t y  o f  e m i t t e d  p h o t o n s .  T h e  m e a n  
e n e r g y  o f  a c c e p t e d  ^ 0 2 I r  p h o t o n s  w e i g h t e d  a c c o r d i n g  t o  t h e i r  i n t e n s i t i e s  
i s  3 4 9  k e V .  T h e  p h o t o e l e c t r i c  c r o s s  s e c t i o n  f o r  i o d i n e  ( V e i g e l e ,  1 9 7 3 )  
i s  1 0 . 4  b . a t o m * ^  a t  t h i s  e n e r g y  a n d  t h e  c a l c u l a t e d  p h o t o f r a c t i o n  f o r  a
5 . 1  c m  t h i c k  d e t e c t o r  i s  0 . 6 0 .  T h e  i n t e n s i t y  o f  a c c e p t e d  p h o t o n s  i s  
2 0 1 %  ( f i g u r e  6 . 3  a n d  t a b l e  6 . 1 ) .  H e n c e  t h e  c a l c u l a t e d  e f f i c i e n c i e s  a r e  
8 . 9  x  1 0 “ 5 f o r  D i  a n d  1 0 . 2  x  1 0 ~5 f o r  D 2 * S i n c e  t h e  s o u r c e  t o  c o l l i m a t o r
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F I G U R E  6 . 7 .  E n e r g y  r e s o l u t i o n  o f  C h e  t w o  N a l ( T l )  d e t e c t o r s  u s e d  f o r  
c a s c a d e  d e t e c t i o n .
keV
1 9 2F IG U R E  6 . 8 .  E n e r g y  s p e c t r u m  o f  I r  s o u r c e .
f a c e  s e p a r a t i o n  w a s  7 c m  a n d  f r o m  t h e  c o l l i m a t o r  d i m e n s i o n s  s h o w n  i n
1 A *1 2
f i g u r e  6 . 4 ,  t h e  p r e d i c t e d  g e o m e t r i c a l  e f f i c i e n c y  i s  4. x jlj L ... o r  1 7  x  1 0
4  1 1 . 4
T h e  m e a s u r e d  e f f i c i e n c y  w a s  l e s s  t h a n  p r e d i c t e d  b e c a u s e  t h e  s o u r c e  w a s  
i n  t h e  f o r m  o f  a  l i n e  w h i c h  w a s  l a r g e r  t h a n  t h e  s e n s i t i v e  v o l u m e  r a t h e r  
t h a n  a  p o i n t  s o u r c e  p o s i t i o n e d  a t  t h e  c e n t r e .
T h e  m e a s u r e d  t r u e  c o i n c i d e n c e  r a t e  w a s  8 . 4  0 . 5  c p m .  F r o m  e q u a t i o n
6 . 3  t h e  t r u e  c o i n c i d e n c e  r a t e  c a n  b e  p r e d i c t e d  p r o v i d e d  t h a t  t h e  c r y s t a l  
p h o t o f r a c t i o n  a n d  t h e  i n t e n s i t y  o f  e m i t t e d  c a s c a d e s  a r e  i n c l u d e d  i n  t h e  
e x p r e s s i o n .  T h e  c a s c a d e  i n t e n s i t y  i s  7 7 %  ( t a b l e  6 . 1 ) .  T h u s  w e  h a v e
n c  -  2  x  ( 1 7  x  1 0 **1  x  0 . 6 ) 2 x  ( 5 . 2  x  1 0 ^  x  6 0  x  0 . 7 7 )
*  5 . 0  c p m .
D e s p i t e  t h e  f a c t  t h a t  t h e  v a l u e  o f  t h e  a c t i v i t y  ( 5 . 2  M B q )  u s e d  i n  t h i s  
c a l c u l a t i o n  i s  h i g h ,  t h e  a g r e e m e n t  i s  s a t i s f a c t o r y  c o n s i d e r i n g  t h a t  o n l y  
a  s i n g l e  v a l u e  w a s  u s e d  f o r  t h e  p h o t o f r a c t i o n .  I n  a d d i t i o n  a n y  e r r o r  i n  
t h i s  t e r m  w i l l  b e  a m p l i f i e d  s i n c e  i t s  v a l u e  i s  s q u a r e d  i n  t h e  a b o v e  e x p r e s s i o n .
T h e  m e a s u r e d  r a n d o m  c o i n c i d e n c e  r a t e  w a s  5 . 8  *t 0 . 3  c p m .  F r o m  e q u a t i o n
6 . 4  a n d  f r o m  t h e  a b o v e  m e a s u r e d  c o u n t  r a t e s ,  t h e  p r e d i c t e d  r a n d o m  c o i n c i d e n c e  
r a t e  i s  4 . 3  c p m .  I t  i s  t h o u g h t  t h a t  t h i s  d i f f e r e n c e  r e f l e c t s  a n  i n a d e q u a t e  
c a l i b r a t i o n  o f  t h e  T P H C  o u t p u t ;  t h e  w i d t h  o f  t h e  t i m e  w i n d o w  w a s  p r o b a b l y  
g r e a t e r  t h a n  100 n s e c .
C o u n t  r a t e  p r o f i l e s  f o r  t h e  d e t e c t i o n  o f  s i n g l e  e v e n t s  a r e  s h o w n  i n  
f i g u r e  6 . 9 .  T h e  F W H M  o f  t h e  t w o  s i n g l e s  p r o f i l e s  a r e  1 . 7 2  c m  w h e n  t h e  
s o u r c e  w a s  m o v e d  p a r a l l e l  t o  a n d  7  c m  f r o m  t h e  c o l l i m a t o r  f a c e  o f  D ^  a n d  
1 . 7 6  c m  w h e n  t h e  s o u r c e  w a s  m o v e d  p a r a l l e l  t o  a n d  7  c m  f r o m  t h e  c o l l i m a t o r  
f a c e  o f  D 2 * F r o m  t h e  d i m e n s i o n s  o f  t h e  c o l l i m a t o r  a n d  f r o m  t h e  s o u r c e  t o  
c o l l i m a t o r  f a c e  d i s t a n c e  i t  i s  p o s s i b l e  ( f i g u r e  6 . 1 0 ) t o  p r e d i c t  t h e  d i a m e t e r
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DISPLACEMENT (cm)
F I G U R E  6 . 9 .  S i n g l e s  c o u n t  r a t e  p r o f i l e s  m e a s u r e d  i n  D l  ( u p p e r )  a n d  
D 2 ( l o w e r ) .
i l k  =  _ J L
x  +  r 2r
x  =  r<i +  2L)
I
F I G U R E  6 . 1 0 .  C a l c u l a t i o n  o f  p r e d i c t e d  d i a m e t e r  o f  c o l l i m a t o r  f i e l d  o f  
v i e w .
o f  t h e  f i e l d  o f  v i e w  a t  t h e  p o s i t i o n  o f  t h e  I r  s o u r c e .  T h i s  d i a m e t e r  
w a s  2 . 7  c m ,  a  v a l u e  1 . 6  t i m e s  t h e  m e a s u r e d  F W H M .
T h e  F W H M  o f  t h e  t w o  c o r r e s p o n d i n g  c o i n c i d e n c e  p r o f i l e s  ( f i g u r e  6 . 1 1 )  
a r e  1 . 3 2  c m  a n d  1 . 5 6  c m .  I f  i t  i s  a s s u m e d  t h a t  t h e  s e n s i t i v e  v o l u m e  i s  
a  s p h e r e  o f  d i a m e t e r  e q u a l  t o  1 . 6  t i m e s  t h e  m e a n  F W H M  t h e n  t h e  v o l u m e  
o f  t h a t  s p h e r e  i s  6 . 4  c m 3 .
6 . 5  D i s c u s s i o n
T h e  r e s u l t s  o f  t h e s e  m e a s u r e m e n t s  a r e  c o n s i s t e n t  w i t h  t h e  p r e d i c t i o n s  
o f  s e c t i o n  6 . 2 .  C o n s e q u e n t l y  i t  i s  p e r m i s s i b l e  t o  u s e  t h e s e  e q u a t i o n s  t o  
e s t i m a t e  t h e  p o t e n t i a l  v a l u e  o f  i n  v i v o  c a s c a d e  d e t e c t i o n .  T h e  g r e a t e s t  
o b s t a c l e  t o  t h e  a p p l i c a t i o n  o f  t h i s  m e t h o d  i s  t h e  p o o r  g e o m e t r i c a l  d e t e c t i o n  
e f f i c i e n c y  w h i c h  i s  i n h e r e n t  t o  a l l  t e c h n i q u e s  i n v o l v i n g  t h e  d e t e c t i o n  o f  
g a m m a  r a y s  e m i t t e d  f r o m  a  d i s t r i b u t e d  s o u r c e .  T h i s  i s  i l l u s t r a t e d  b y  t h e  
f o l l o w i n g  a r g u m e n t .
T h e  s m a l l e s t  p r a c t i c a l  v a l u e  o f  t h e  d i s t a n c e  b e t w e e n  t h e  c e n t r e  o f
t h e  s e n s i t i v e  v o l u m e  a n d  t h e  c o l l i m a t o r  f a c e  w i l l  b e  a b o u t  1 0  c m .  T h e
d e t e c t o r  e f f i c i e n c y  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h i s
d i s t a n c e  a n d  t h e  t r u e  c o i n c i d e n c e  c o u n t  r a t e  i s  d i r e c t l y  p r o p o r t i o n a l  t o
t h e  s q u a r e  o f  t h e  e f f i c i e n c y .  T h u s  n c  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e
f o u r t h  p o w e r  o f  t h i s  d i s t a n c e .  A  c o l l i m a t o r  t h i c k n e s s  o f  4  c m  w a s  s h o w n
t o  b e  s a t i s f a c t o r y  f o r  p h o t o n s  o f  a n  e n e r g y  e q u a l  t o  t h o s e  e m i t t e d  f r o m  
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I r .  I f  t h e  d i a m e t e r  o f  t h e  s e n s i t i v e  v o l u m e  i s  e q u a l  t o  t h a t  o f  t h e  
s c a t t e r i n g  v o l u m e  i n  t h e  l u n g  d e n s i t o m e t e r  (cfl5 c m )  t h e n  f r o m  f i g u r e  6 . 1 0 , 
t h e  r a d i u s  o f  t h e  b o r e  o f  t h e  c o l l i m a t o r ,  r ,  i s  g i v e n  b y  ( 2 . 5  x  4 ) / ( 4  +  2 0 )  
o r  a b o u t  0 . 4  c m .  C o n s e q u e n t l y  t h e  g e o m e t r i c a l  d e t e c t i o n  e f f i c i e n c y  i s  
% ( 0 . 4 2 / 1 4 . 4 ) 2  o r  a b o u t  2  x  I O * * 4 . L e t  u s  a s s u m e  t h a t  t h e  a c t i v i t y  i n  t h e
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F I G U R E  6 . 1 1 .  C o i n c i d e n c e  c o u n t  r a t e  p r o f i l e s  m e a s u r e d  i n  D i  ( u p p e r )  a n d  
D 2 ( l o w e r ) .  F W H M  w a s  t a k e n  t o  b e  t w i c e  t h e  H W H M  i n d i c a t e d .
s e n s i t i v e  v o l u m e  i s  4 0  k B q  ( £ l  j u t C i )  a n d  t h a t  t h i s  a c t i v i t y  i s  c o n f i n e d
t o  t h e  v a s c u l a r  c o m p a r t m e n t .  T y p i c a l l y  t h e  t o t a l  w e i g h t  o f  t h e  a d u l t
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l u n g s  i s  1 0 0 0  g .  S i n c e  n o r m a l  l u n g  d e n s i t y  i s  0 . 3  g . c m  , t h e  s c a t t e r i n g
v o l u m e  o c c u p i e s  a b o u t  2 %  o f  l u n g  v o l u m e .  S i n c e  l u n g  b l o o d  v o l u m e  i s
a p p r o x i m a t e l y  107a o f  t o t a l  b l o o d  v o l u m e  ( 5 2 0 0  m l ) ,  t h e  v o l u m e  o f  b l o o d
w i t h i n  t h e  s c a t t e r i n g  v o l u m e  i s  10 m l  a n d  t h e  t o t a l  a d m i n i s t e r e d  a c t i v i t y
i s  2 0  M B q  < £ 0 . 6  m C i ) . F r o m  e q u a t i o n  6 . 5  a n d  a s s u m i n g  t h a t  e ^  i s  e q u a l  t o
e 2 a n d  t h a t  a  t i m e  w i n d o w  o f  2 n s e c  i s  f e a s i b l e  ( s e e  l a t e r ) ,  t h e  c h a n c e
c o i n c i d e n c e  r a t e  i s
8 x  2  x  1 0 " 9 x  ( 2  x  1 0 " 4 ) 2 x  ( 4  x  1 0 4 x  6 0 ) 2 ~  6 x  1 0 ' 5 c p m .
6 0
F r o m  e q u a t i o n  6 . 3  t h e  t r u e  c o i n c i d e n c e  r a t e  i s
2  x  ( 2  x  I O " 4 ) 2 x  ( 4  x  1 0 4 x  6 0 ) ^  0 . 2  c p m .
A  c o u n t i n g  t i m e  o f  2 0 0 0  m i n u t e s  w o u l d  b e  r e q u i r e d  t o  a c c u m u l a t e  s u f f i c i e n t  
c o u n t s  t o  y i e l d  a  p r e c i s i o n  o f  5 % .  O b v i o u s l y  t h i s  i s  n o t  a c c e p t a b l e  f o r  
i n  v i v o  m e a s u r e m e n t s .  I n  t h i s  c o n s i d e r a t i o n  n o  a c c o u n t  h a s  b e e n  t a k e n  
o f  p h o t o n  a t t e n u a t i o n  w i t h i n  t h e  t h o r a x  n o r  o f  a c t i v i t y  o u t s i d e  t h e  
s e n s i t i v e  v o l u m e .  T h e s e  f a c t o r s  w i l l  r e d u c e  t h e  t r u e  a n d  y e t  i n c r e a s e  
t h e  c h a n c e  c o i n c i d e n c e  r a t e .  C l e a r l y  a n  i m p r o v e m e n t  o f  a t  l e a s t  t h r e e  
o r d e r s  o f  m a g n i t u d e  i s  r e q u i r e d  b e f o r e  c l i n i c a l  a p p l i c a t i o n  c o u l d  b e  
c o n t e m p l a t e d .  S o m e  p o t e n t i a l  i m p r o v e m e n t s  a r e  d i s c u s s e d  b e l o w .
I f  m u l t i - p a r a l l e l  h o l e  c o l l i m a t o r s  w e r e  u s e d  t h e  v a l u e  o f  r  m i g h t
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b e  i n c r e a s e d  t o  2  c m  a n d  t h e  e f f i c i e n c y  w o u l d  t h e n  b e  5  x  1 0  . S i n c e
c o i n c i d e n t  c o u n t  r a t e s  a r e  d i r e c t l y  d e p e n d e n t  u p o n  t h e  s q u a r e  o f  t h e  
e f f i c i e n c y ,  a  f a c t o r  o f  a b o u t  6 0 0  w o u l d  b e  g a i n e d .  T o  u s e  m u l t i h o l e  
c o l l i m a t o r s  a n  i s o t o p e  w h i c h  e m i t s  p h o t o n s  o f  e n e r g y  w i t h i n  t h e  r e g i o n  
o f  1 0 0  t o  2 0 0  k e V  w o u l d  b e  r e q u i r e d  s o  t h a t  e f f e c t i v e  c o l l i m a t i o n  c o u l d
b e  m a i n t a i n e d .  T h e n  a t t e n u a t i o n  w i l l  b e c o m e  a n  i m p o r t a n t  f a c t o r .  T h e r e  
w i l l  b e  a n  o p t i m u m  e n e r g y  w h i c h  w i l l  r e p r e s e n t  a  c o m p r o m i s e  b e t w e e n  
c o l l i m a t i o n  a n d  a t t e n u a t i o n .
A n o t h e r  i m p r o v e m e n t  t o  b e  c o n s i d e r e d  i s  t o  u s e  l a r g e r  d e t e c t o r s  t o  
i n c r e a s e  t h e  p h o t o f r a c t i o n .  F o r  a  1 0  c m  t h i c k  d e t e c t o r  t h e  p h o t o f r a c t i o n  
f o r  w o u i d  b e  0 . 8 4  a n d  b o t h  t r u e  a n d  c h a n c e  c o i n c i d e n c e  r a t e s  w o u l d
r i s e  b y  a  f a c t o r  o f  a b o u t  2 .  I f  a n  i s o t o p e  e m i t t i n g  p h o t o n s  o f  l o w e r  
e n e r g y  i s  u s e d  t h e n  p r o b a b l y  t h e  5  c m  t h i c k  N a l ( T l )  d e t e c t o r s  w o u l d  b e  
a d e q u a t e .
C o i n c i d e n c e  c o u n t  r a t e s  c o u l d  b e  i n c r e a s e d  b y  i n c o r p o r a t i n g  m o r e
d e t e c t o r s .  A  s y s t e m  o f  6 d e t e c t o r s ,  p r o b a b l y  t h e  m a x i m u m  w h i c h  c o u l d  b e
p o s i t i o n e d  c l o s e l y  a b o u t  a  s u b j e c t ,  w o u l d  i n c r e a s e  n r  a n d  n £  b y  a  f a c t o r
o f  1 5  ( c o m p a r e  e q u a t i o n  6 . 3  w i t h  6 . 8  a n d  e q u a t i o n  6 . 5  a n d  6 . 1 0 ) .
D e s p i t e  t h e  f a c t  t h a t  t h e  c a s c a d e  c h a r a c t e r i s t i c s  o f  * ^ 2 I r  a r e
e x c e l l e n t ,  i t  i s  n e c e s s a r y  t o  c o n s i d e r  t h e  u s e  o f  a l t e r n a t i v e  r a d i o i s o t o p e s .
F o r  e x a m p l e ,  t h e  c a s c a d e  i n t e n s i t y  o f  ^ ^ I r  £ s  7 7 ^  a n < j m a n y  i s o t o p e s  e x h i b i t
c a s c a d e s  o f  h i g h e r  i n t e n s i t y .  H o w e v e r ,  i t  i s  t h e  c o m b i n a t i o n  o f  a  n u m b e r
o f  c h a r a c t e r i s t i c s  w h i c h  h a v e  t o  b e  c o n s i d e r e d .  P h o t o n  e n e r g i e s  s h o u l d
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b e  l e s s  t h a n  t h o s e  o f  I r .  T h e  e f f e c t i v e  h a l f  l i f e  o f  t h e  a d m i n i s t e r e d
r a d i o p h a r m a c e u t i c a l  s h o u l d  b e  s h o r t  s o  t h a t  l a r g e  q u a n t i t i e s  c a n  b e
a d m i n i s t e r e d  s a f e l y .  T h e  o p t i m u m  m e t h o d  o f  o b t a i n i n g  a  s h o r t  e f f e c t i v e
h a l f  l i f e  i s  t o  u s e  a n  i s o t o p e  w i t h  a  s h o r t  p h y s i c a l  h a l f  l i f e  
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( T ^  I r  »  7 4 . 2  d ) . T h e  l i f e t i m e  o f  t h e  i s o m e r i c  s t a t e  m u s t  b e  s h o r t  
t o  m i n i m i z e  t h e  c h a n c e  c o i n c i d e n c e  r a t e .  T h e  c h e m i c a l  p r o p e r t i e s  m u s t  
b e  s u c h  t h a t  a  s u i t a b l e  r a d i o p h a r m a c e u t i c a l  c a n  b e  p r e p a r e d .  F i n a l l y ,  
t h e  a n g l e  b e t w e e n  t h e  p r e f e r r e d  d i r e c t i o n s  a l o n g  w h i c h  c a s c a d e  p h o t o n s  
a r e  e m i t t e d  s h o u l d  a l s o  b e  c o n s i d e r e d .  T h a t  i s ,  t o  d e f i n e  a  s y m m e t r i c a l
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s e n s i t i v e  v o l u m e ,  t h e  o p t i m u m  a n g l e  b e t w e e n  t h e  t w o  d e t e c t o r s  i s  9 0 °  a n d
o
t h e r e f o r e  i t  w o u l d  b e  a d v a n t a g e o u s  i f  t h e  p r e f e r r e d  a n g l e  w a s  9 0  . I n  
t h a t  c a s e  w h e n  o n e  p h o t o n  o f  a  c a s c a d e  i s  d e t e c t e d  t h e  p r o b a b i l i t y  o f  
d e t e c t i n g  t h e  s e c o n d  p h o t o n  i n  t h e  o t h e r  d e t e c t o r  w i l l  b e  g r e a t e r  t h a n  
i f  t h e  p h o t o n s  a r e  e m i t t e d  i s o t r o p i c a l l y . T h e  t r u e  t o  c h a n c e  r a t i o  w o u l d  
r i s e .
A s  a  b a s i s  f o r  c o m p a r i s o n  w i t h  o t h e r  i s o t o p e s ,  t h e  i s o t r o p y  o f
w a s  e x a m i n e d .  I f  t h e  a n g l e  b e t w e e n  t h e  a x e s  o f  t h e  f i e l d s  o f  v i e w  o f  t h e
t w o  d e t e c t o r s  s h o w n  i n  f i g u r e  6 . 1  i s  9 ,  t h e n  i s o t r o p y  c a n  b e  a s s e s s e d
( K e n y o n ,  1 9 7 1 )  f r o m  t h e  e x p r e s s i o n
W ( 9 )  *  1 +  b 2c o s 20 +  b ^ c o s 4 9  6 . 1 3
w h e r e  W ( 9 )  i s  a  f a c t o r  w h i c h  e x p r e s s e s  t h e  r e l a t i v e  i n t e n s i t y ,  a s  a  f u n c t i o n
o f  t h e  a n g l e  9 ,  o f  o n e  c a s c a d e  p h o t o n  a f t e r  t h e  o t h e r  m e m b e r  o f  t h e  c a s c a d e
p a i r  h a s  b e e n  d e t e c t e d .  T h e  v a l u e  o f  t h e  c o n s t a n t s  b 2 a n d  b 4 c a n  b e
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o b t a i n e d  f r o m  t a b l e s .  F o r  I r  c a s c a d e s  ( N u c l e a r  D a t a  S h e e t s ,  S e c t i o n  B ,
9_, 1 9 7 3 ,  2 1 1 - 2 1 2 ) ,  t h e  d e p e n d e n c e  o f  W ( 9 )  u p o n  9  i s  s h o w n  i n  f i g u r e  6 . 1 2 .
I t  c a n  b e  s e e n  t h a t  o n l y  t h e  2 9 6 / 3 1 6  k e V  c a s c a d e  s h o w s  a n y  d e g r e e  o f
a n i s o t r o p y .  I t  m a y  b e  p o s s i b l e  t o  e x p l o i t  t h i s  f e a t u r e  o f  c a s c a d e  d e t e c t i o n
b y  u s i n g  a n  i s o t o p e  f o r  w h i c h  W ( 9 0 )  i s  a  c l e a r  m a x i m u m .
O t h e r  i s o t o p e s  w h i c h  s h o u l d  b e  c o n s i d e r e d  i n c l u d e  43K ,  40C r ,  7 ^ m Z n ,
1 7 1  1 8 0 n i
E r  a n d  H f . T h e  m a i n  a d v a n t a g e  t h e s e  i s o t o p e s  o f f e r  i s  a  s h o r t
4 8
p h y s i c a l  h a l f  l i f e  ( 4 - 2 3  h ) . E x c e p t  f o r  C r  ( 1 0 . 9  n s e c ) , i s o m e r i c  s t a t e  
l i f e t i m e s  a r e  e q u a l  t o  o r  c o n s i d e r a b l y  l e s s  t h a n  8 0  p s e c .  O n l y  o n e  ( t h e  
3 8 6 / 6 2 0  k e V  c a s c a d e  o f  7 ^ m Z n )  s h o w s  a  d i s t i n c t i v e  p r e f e r e n c e  ( W ( 9 0 )  -  1 . 1 5 )  
f o r  c a s c a d e  e m i s s i o n s  a t  9 0 ° .  T h e  r e m a i n d e r  a r e  v i r t u a l l y  i s o t r o p i c  o r  
e x h i b i t  a  m i n i m u m  a t  9  ■  9 0 °  ( ^ ^ H f ,  W ( 9 0 )  -  0 . 9 4 ;  6 2 0 / 4 8 7  k e V  c a s c a d e  
o f  7 ^ m Z n ,  W ( 9 0 )  »  0 . 8 6 ) .  T h e  m o s t  p r o m i s i n g  a r e  p r o b a b l y  7 * m Z n  a n d  ^ 00tnH f ,  
b o t h  o f  w h i c h  c a n  b e  p r o d u c e d  i n  a  n u c l e a r  r e a c t o r .
0.8 -
0.61 1------------ 1__________ _L_
90 135 180
8 (degrees)
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F I G U R E  6 . 1 2 .  T h e  i s o t r o p y  o f  I r  c a s c a d e s .
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T h e  c o i n c i d e n c e  t e c h n i q u e  i s  n o t  r e s t r i c t e d  t o  t h o s e  i s o t o p e s  w h i c h
e m i t  g a m m a  r a y s  i n  c a s c a d e .  I t  w o u l d  b e  p o s s i b l e  t o  u s e  a n  i s o t o p e  s u c h
a s  3 2 F e  w h i c h  e m i t s  a  g a m m a  r a y  f o l l o w i n g  p o s i t r o n  d e c a y .  T h e  t i m e  d e l a y
b e t w e e n  g a m m a  r a y  e m i s s i o n  a n d  t h e  f o r m a t i o n  o f  t h e  a n n i h i l a t i o n  p h o t o n
w i l l  b e ,  a t  m o s t ,  a b o u t  2 0  p s e c .  A l s o  i t  w o u l d  b e  p o s s i b l e  t o  u s e  i s o t o p e s  
1 2 5  1 9 7
s u c h  a s  I  o r  H g  w h i c h  d e c a y  b y  e l e c t r o n  c a p t u r e  a n d  e m i t  b o t h  a
g a m m a  r a y  a n d  a  c h a r a c t e r i s t i c  x - r a y .  T h e  p o t e n t i a l  u s e  o f  s u c h  p r o c e s s e s
h a v e  n o t  b e e n  c o n s i d e r e d  f o r  t h i s  p a r t i c u l a r  a p p l i c a t i o n .
O n e  f a c t o r  w h i c h  c a n  b e  i m p r o v e d  c o n s i d e r a b l y  f r o m  t h e  e x p e r i m e n t a l
a r r a n g e m e n t  u s e d  i n  t h i s  w o r k  i s  t o  r e d u c e  t h e  r e s o l v i n g  t i m e  w i n d o w  o f
1 0 0  n s e c .  T h e  m e a s u r e d  c h a n c e  r a t e  w i t h  ^ ^ I r  w a s  5 , 8  c p m  w h e r e a s  w i t h
a  d i f f e r e n t  s c i n t i l l a t o r ,  i t  m a y  b e  p o s s i b l e  t o  u s e  a  t i m e  w i n d o w  o f  2  n s e c
a n d  t h e  c h a n c e  r a t e  w o u l d  h a v e  b e e n  r e d u c e d  t o  a b o u t  0 . 1  c p m .  F a c t o r s
w h i c h  a r e  o f  i m p o r t a n c e  i n  e s t a b l i s h i n g  t h e  w i d t h  o f  t h e  t i m e  w i n d o w
a r e  t h e  l i f e t i m e  o f  t h e  i s o m e r i c  s t a t e ,  t h e  d e c a y  c o n s t a n t  o f  t h e
s c i n t i l l a t o r  l i g h t  p u l s e ,  w h i c h  f o r  N a l ( T l )  i s  2 5 0  n s e c ,  a n d  t h e  r i s e  t i m e
o f  t h e  p h o t o m u l t i p l i e r  a n o d e  p u l s e .  T h e  p r e f e r r e d  s c i n t i l l a t o r  w o u l d  b e
c e s i u m  f l u o r i d e  f o r  w h i c h  t h e  d e c a y  c o n s t a n t  i s  5  n s e c .  W h i l e  p l a s t i c
s c i n t i l l a t o r s  e x h i b i t  a  s i m i l a r  d e c a y  c o n s t a n t ,  p l a s t i c s  a r e  c o n s i d e r a b l y
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l e s s  e f f i c i e n t  (Z—6 ; ^ ^ :  1 . 1  g . c m  ) f o r  g a m m a  r a y  d e t e c t i o n  c o m p a r e d  t o  
C s F  ( Z  -  5 5 ;  *  4 . 1  g . c m  ) . T h e  a n o d e  p u l s e  r i s e  t i m e  f o r  t h e  p h o t o m u l t i p l i e r
t u b e s  ( R C A  8 0 5 3 )  w a s  s p e c i f i e d  t o  b e  a b o u t  1 0  n s e c .  T u b e s  a r e  a v a i l a b l e  
( R C A  8 5 7 5 )  w i t h  r i s e  t i m e s  s h o r t e r  b y  a  f a c t o r  o f  4 .  M o s y n s k i  a n d  B e n g t s o n  
( 1 9 7 9 )  h a v e  s t a t e d  t h a t  r e s o l v i n g  t i m e  w i n d o w s  o f  a  f e w  n a n o s e c o n d s  a r e
p r a c t i c a l  w h e n  t h e s e  f a c t o r s  a r e  o p t i m i z e d .
1 - 5 - 1
P r o j e c t e d  c o u n t  r a t e s  w e r e  0 . 2  m i n  a n d  6  x  1 0  m i n  f o r  t r u e  a n d
c h a n c e  r a t e s  r e s p e c t i v e l y  a n d  a n  i m p r o v e m e n t  f a c t o r  o f  1 0 0 0  w a s  r e q u i r e d .
M u l t i h o l e  c o l l i m a t o r s  c o u l d  b e  u s e d  i f  a  s u i t a b l e  i s o t o p e  w e r e  a v a i l a b l e .
1 9 3
A  n u m b e r  o f  d e t e c t o r s  w i l l  b e  r e q u i r e d  a n d  t h e  d e t e c t o r s  m u s t  i n c o r p o r a t e  
s c i n t i l l a t o r s  o f  s h o r t  d e c a y  c o n s t a n t s  a n d  p h o t o m u l t i p l i e r  t u b e s  w i t h  
f a s t  r i s e  t i m e s .  T h e n  s u c h  a n  i m p r o v e m e n t  c o u l d  b e  r e a l i z e d .  M e a s u r e m e n t  
t i m e s  o f  t h e  o r d e r  o f  a  m i n u t e  w i l l  b e  p o s s i b l e  w i t h  a  f a v o u r a b l e  t r u e  
t o  c h a n c e  r a t i o  a n d  i t  s h o u l d  b e  p o s s i b l e  t o  d e v e l o p  a  m e t h o d  f o r  t h e  
i n  v i v o  m e a s u r e m e n t  o f  a c t i v i t y  i n  a  d e f i n e d  v o l u m e  o f  t i s s u e .  N e v e r t h e l e s s ,  
b e f o r e  i n  v i v o  u s e  c o u l d  b e  c o n t e m p l a t e d ,  i t  w o u l d  b e  n e c e s s a r y  t o  e v a l u a t e  
t h e  e f f e c t  o f  a n d  t o  c o r r e c t  f o r  a t t e n u a t i o n  w i t h i n  t h e  t h o r a x .  A l s o  i t  
w i l l  b e  n e c e s s a r y  t o  d e t e r m i n e  t h e  e f f e c t  o f  a c t i v i t y  w h i c h  i s  o u t s i d e  
t h e  s e n s i t i v e  v o l u m e .  T h i s  a c t i v i t y  w i l l ,  o f  c o u r s e ,  c o m p r i s e  t h e  v a s t  
m a j o r i t y  o f  t h e  i n j e c t e d  a c t i v i t y .
C HAPTER  7
F E A S I B I L I T Y  O F  M E A S U R I N G  F R A C T I O N A L  L U N G  B L O O D  V O L U M E  B Y  D E T E C T I O N  O F  
P H O T O N  I N D U C E D  C H A R A C T E R I S T I C  X - R A Y S .
7 . 1  I n t r o d u c t i o n  1 9 4
7 . 2  C h a r a c t e r i s t i c  X - r a y s  1 9 5
7 . 3  X - R a y  F l u o r e s c e n c e  i n  M e t a l  F o i l s  1 9 7
7 . 4  T h e  R e l a t i o n  b e t w e e n  I o d i n e  C o n c e n t r a t i o n  a n d  t h e  N u m b e r  o f
X - r a y s  D e t e c t e d  2 1 0
7 . 5  I n  V i v o  M e a s u r e m e n t s  2 2 0
7 . 5 . 1  T h e  I n  V i v o  E x c i t a t i o n  S p e c t r u m  2 2 0
7 . 5 . 2  T a r g e t  E l e m e n t  2 2 5
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E x c i t a t i o n  o f  c h a r a c t e r i s t i c  x - r a y s  w a s  f i r s t  u s e d  a l m o s t  s e v e n t y  
y e a r s  a g o  b o t h  a s  a n  a n a l y t i c a l  t o o l  a n d  t o  p r o v i d e  e v i d e n c e  s u p p o r t i n g  
t h e  B o h r  t h e o r y  o f  a t o m i c  s t r u c t u r e  ( M o s e l e y ,  1 9 1 3 ) .  A p p l i c a t i o n  o f  
x - r a y  f l u o r e s c e n c e  t o  d i a g n o s t i c  m e d i c i n e  h a d  t o  a w a i t  t h e  d e v e l o p m e n t  
o f  s e m i c o n d u c t o r  d e t e c t o r s  t o  s i m p l i f y  t h e  a n a l y s i s  o f  e x c i t e d  s p e c t r a .
A  n u m b e r  o f  i n  v i t r o  a n d  i n  v i v o  a p p l i c a t i o n s  h a v e  b e e n  r e v i e w e d  r e c e n t l y  
( K a u f m a n  a n d  P r i c e ,  1 9 7 9 ) .
T h e  m a j o r  f e a t u r e  o f  f l u o r e s c e n c e  e x c i t a t i o n  i s  t h a t  t h e  r a d i a t i o n  
d o s e  i s  r e s t r i c t e d  t o  t h e  t i m e  r e q u i r e d  t o  a c c u m u l a t e  t h e  x - r a y  s p e c t r u m  
a n d ,  f o r  i n  v i v o  a p p l i c a t i o n s ,  t h e  d o s i m e t r i c  p r o b l e m s  a s s o c i a t e d  w i t h  
t h e  u s e  o f  r a d i o p h a r m a c e u t i c a l s  w i t h  l o n g  e f f e c t i v e  h a l f  l i v e s  a r e  
a v o i d e d .
A  n u m b e r  o f  iii v i v o  p r o c e d u r e s  h a v e  b e e n  d e s c r i b e d  i n  w h i c h  s t a b l e  
e l e m e n t  t i s s u e  c o n c e n t r a t i o n  h a s  b e e n  m e a s u r e d  b y  f l u o r e s c e n c e  e x c i t a t i o n  
a l t h o u g h  p e r h a p s  t h e  o n l y  o n e  w h i c h  h a s  p r o v e n  t o  b e  u s e f u l  d i a g n o s t i c a l l y  
i s  t h e  m e a s u r e m e n t  o f  t o t a l  i o d i n e  c o n t e n t  o f  t h e  t h y r o i d  g l a n d  ( H o f f e r ,  
B e r n s t e i n  a n d  G o t t s c h a l k ,  1 9 7 1 ;  L e b l a n c ,  B e l l  a n d  J o h n s o n ,  1 9 7 3 ;  P a l m e r  
e t  a l ,  1 9 7 6 ;  B a r b a t o ,  B e k e r m a n  a n d  R e f e t o f f ,  1 9 7 7 ) .  T h e  r e a s o n s  f o r  
t h i s  u s e f u l n e s s  a r e  t h a t  a  n a t u r a l  s t a b l e  t r a c e r  i s  p r e s e n t  a t  m e a s u r a b l e  
c o n c e n t r a t i o n s  ( i o d i n e  c o n t e n t s  0 . 4  m g . g ” ^ ) ;  t h e  s u p e r f i c i a l  l o c a t i o n  o f  
t h e  g l a n d  m e a n s  t h a t  a t t e n u a t i o n  w i t h i n  t i s s u e  i s  n o t  a  p r o b l e m  a n d ,  
m o s t  i m p o r t a n t  o f  a l l ,  t h e  p a r a m e t e r  m e a s u r e d  i s  d i a g n o s t i c a l l y  r e l e v a n t .
D y n a m i c  p r o c e s s e s  w i t h i n  v a r i o u s  o r g a n s  h a v e  b e e n  s t u d i e d  u s i n g  
f l u o r e s c e n c e  e x c i t a t i o n .  K a u f m a n  e t  a l  ( 1 9 7 2 )  m e a s u r e d  c a r d i a c  o u t p u t  
i n  d o g s  b y  e x c i t a t i o n  o f  a n  i n j e c t e d  b o l u s  o f  a  r a d i o g r a p h i c  c o n t r a s t
7 • 1 I n t r o d u c t i o n
a g e n t .  * 5 3 G d  h a s  b e e n  u s e d  t o  e x c i t e  t a n t a l u m  ( Z  -  7 3 )  a n d  b a r i u m  
( Z  -  5 6 )  p o w d e r s  i n  o r d e r  t o  m e a s u r e  c l e a r a n c e s  f r o m  t h e  l u n g s  o f  d o g s  
( K a u f m a n  a n d  G a m s u ,  1 9 7 4 ) .  C o n t r a s t  a g e n t  m e t a b o l i s m  h a s  b e e n  i n v e s t i g a t e d  
i n  d o g s  b y  e x c i t a t i o n  o f  l i v e r  i o d i n e  c o n c e n t r a t i o n s  ( K o e h l e r  e t  a l ,  1 9 7 6 ) .
T h e  a p p l i c a t i o n  m o s t  s i m i l a r  t o  t h a t  e x p l o r e d  i n  t h i s  c h a p t e r  i s  t h e  
m e a s u r e m e n t  o f  r e g i o n a l  c e r e b r a l  b l o o d  v o l u m e  ( P h e l p s ,  G r u b b  a n d  T e r -  
P o g o s s i a n ,  1 9 7 3 ) .  A f t e r  i n j e c t i o n  o f  a  c o n t r a s t  a g e n t  t h e  n u m b e r  o f  
i o d i n e  x - r a y s  e m i t t e d  f r o m  a  d e f i n e d  v o l u m e  o f  b r a i n  t i s s u e  w a s  m e a s u r e d .
I t  w a s  s h o w n  t h a t  a l t h o u g h  t h e  c o n t r a s t  a g e n t  u s e d  e g r e s s e d  f r o m  b l o o d  
v e s s e l s  i n  s c a l p  a n d  m u s c l e  t i s s u e ,  i t  w a s  r e t a i n e d  b y  b r a i n  c a p i l l a r i e s .  
M e a s u r e m e n t s  w e r e  m a d e  i n  d o g s ,  m o n k e y s  a n d  m a n .  I n  t h i s  c h a p t e r  t h e  
p o s s i b i l i t y  i s  e x a m i n e d  o f  d e v e l o p i n g  a  f l u o r e s c e n c e  e x c i t a t i o n  m e t h o d  
f o r  t h e  m e a s u r e m e n t  o f  f r a c t i o n a l  l u n g  b l o o d  v o l u m e .
7 • 2  C h a r a c t e r i s t i c  X - r a y s
C h a r a c t e r i s t i c  x - r a y s  c a n  b e  p r o d u c e d  w h e n  a  v a c a n c y  i n  a n  a t o m i c  
s h e l l  i s  f i l l e d  b y  a n  e l e c t r o n  f r o m  a  s h e l l  o f  l o w e r  b i n d i n g  e n e r g y .
G e n e r a l l y ,  t h e  a t o m  e m i t t i n g  t h e  x - r a y  c a n  b e  i d e n t i f i e d  f r o m  a  m e a s u r e m e n t  
o f  t h e  e n e r g y  o f  t h e  e m i t t e d  x - r a y .  T h e  t e c h n i q u e  o f  f l u o r e s c e n c e  
e x c i t a t i o n  i n v o l v e s  t h e  q u a n t i t a t i o n  o f  t h e  n u m b e r  o f  e m i t t e d  x - r a y s .
T h e  m e t h o d  c a n  b e  u s e d  i n  v i v o  o n l y  w h e n  t h e  e n e r g y  o f  t h e  e m i t t e d  
x - r a y  i s  g r e a t e r  t h a n  a b o u t  2 5  k e V  s i n c e  t i s s u e  a t t e n u a t i o n  o f  x - r a y s  
o f  l o w e r  e n e r g y  i s  t o o  s e v e r e .  C o n s e q u e n t l y  o n l y  t h o s e  a t o m s  o f  a t o m i c  
n u m b e r  g r e a t e r  t h a n  a b o u t  5 0  c a n  b e  u s e d  a s  t r a c e r s  a n d  e v e n  t h e n ,  
v a c a n c i e s  m u s t  b e  p r o d u c e d  i n  t h e  i n n e r m o s t  s h e l l  ( K  s h e l l ) .
1 1 5
T h e  m a j o r  e l e c t r o n  s h e l l s  i n  a n  a t o m  a r e  i d e n t i f i e d  e i t h e r  b y  t h e
l e t t e r s  K ,  L ,  M . . . . .  o r  b y  t h e  q u a n t u m  n u m b e r  n  w h i c h  h a s  a n  i n t e g r a l
v a l u e  o f  1 ,  2 ,  3 ........  E a c h  a t o m i c  e l e c t r o n  i s  d e s c r i b e d  u n i q u e l y  b y
t h e  v a l u e  o f  n  t o g e t h e r  w i t h  t h e  v a l u e s  o f  a  f u r t h e r  t h r e e  q u a n t u m
n u m b e r s .  T h e s e  a r e  t h e  o r b i t a l  a n g u l a r  m o m e n t u m ,  , o f  t h e  e l e c t r o n ,
i t s  i n t r i n s i c  s p i n ,  s ,  a n d  t h e  v e c t o r  s u m ,  j ,  o f  £ a n d  s .  T h e  o r b i t a l
a n g u l a r  m o m e n t u m  c a n  h a v e  a n y  i n t e g e r  v a l u e  u p  t o  ( n - 1 ) w h i l e  t h e  s p i n
i s  e i t h e r  *  % .  S i n c e  n o  t w o  o f  t h e  q u a n t u m  n u m b e r s  c a n  b e  t h e  s a m e ,
K  s h e l l s  c o n t a i n  o n l y  2  e l e c t r o n s .  T h a t  i s ,  s i n c e  n  *  1 ,  I *  0 ,  t h e
o n l y  p o s s i b l e  v a l u e s  o f  j a n d  s  a r e  ( + % *  - % )  a n d  ( - ^ ,  + % ) .  T h e  L  s h e l l
i s  s p l i t  i n t o  t h r e e  s u b s h e l l s ,  t h e  L I ,  L I I  a n d  L I I I  s u b s h e l l s .  T h e
n u m b e r  o f  e l e c t r o n s  a l l o w e d  i n  a n y  s u b s h e l l  i s  g i v e n  b y  ( 2 j  +  1 ) a n d
2
t h e  t o t a l  p o p u l a t i o n  o f  a n  e n t i r e  s h e l l  i s  g i v e n  b y  2n  .
X - r a y s  s u i t a b l e  f o r  i n  v i v o  f l u o r e s c e n c e  e x c i t a t i o n  c o r r e s p o n d  t o  
t h o s e  e m i s s i o n s  a s s o c i a t e d  w i t h  t h e  f i l l i n g  o f  K  s h e l l  v a c a n c i e s .  B e c a u s e  
t h e  e l e c t r o n  m a y  f a l l  f r o m  a n y  o t h e r  s h e l l ,  x - r a y s  w i t h  v a r i o u s  c h a r a c t e r i s t i c  
e n e r g i e s  a r e  e m i t t e d .  T r a n s i t i o n s  f r o m  t h e  L I I I  s u b s h e l l  a r e  t e r m e d
x - r a y s .  T h o s e  f r o m  t h e  L I I  s u b s h e l l  a r e  k ^  x - r a y s .  T r a n s i t i o n s  f r o m  
t h e  M  a n d  N  s u b s h e l l s  a r e  t e r m e d  kpi a n d  k ^2 r e s p e c t i v e l y .
T h e  i n t e n s i t i e s  o f  t h e  v a r i o u s  k  x - r a y s  a r e  g o v e r n e d  b y  t w o  f a c t o r s .
O n e  i s  t h e  e l e c t r o n  p o p u l a t i o n  o f  t h e  m o r e  l o o s e l y  b o u n d  e l e c t r o n s .  F o r  
e x a m p l e ,  i n  a t o m s  o f  h y d r o g e n  o r  h e l i u m  n o  L  s h e l l  e l e c t r o n s  a r e  p r e s e n t  
a n d  c o n s e q u e n t l y  n o  x - r a y s  c a n  b e  e m i t t e d .  F o r  l i t h i u m ,  k  qc b u t  n o t  k ^  x - r a y s  
a r e  p o s s i b l e .  I t  i s  o n l y  w h e n  t h e  a t o m i c  n u m b e r  i s  g r e a t e r  t h a n  1 1  t h a t  kp 
x - r a y s  a r e  o b s e r v e d  a n d  t h e  k ^  x - r a y  i n t e n s i t y  d o e s  n o t  r e a c h  a  m a x i m u m  
u n t i l  Z  i s  e q u a l  t o  2 9  w h e n  a l l  M  s u b s h e l l s  a r e  f i l l e d .
I j b
T h e  s e c o n d  f a c t o r  w h i c h  d e t e r m i n e s  i n t e n s i t i e s  i s  t h e  p r o b a b i l i t y  
o f  o c c u r r e n c e  o f  t w o  o t h e r  d e - e x c i t a t i o n  m e c h a n i s m s .  T h e s e  a r e  t h e  
e m i s s i o n  o f  A u g e r  e l e c t r o n s  a n d ,  f o r  t h e  p u r p o s e s  o f  f l u o r e s c e n c e  
e x c i t a t i o n ,  t h e  l e s s  i m p o r t a n t  C o s t e r - K r o n i g  t r a n s i t i o n s  i n  w h i c h  a  
v a c a n c y  c a n  b e  t r a n s f e r r e d  t o  a  l e s s  t i g h t l y  b o u n d  s u b s h e l l  o f  a  m a j o r  
s h e l l .  T h e  e m i s s i o n  o f  A u g e r  e l e c t r o n s  i s  m o s t  f r e q u e n t  i n  a t o m s  o f  
l o w  a t o m i c  n u m b e r .  T h i s  i s  e x p r e s s e d  i n  t h e  f l u o r e s c e n c e  y i e l d  w h i c h  
i s  s i m p l y  t h e  r a t i o  o f  t h e  n u m b e r  o f  x - r a y s  e m i t t e d  t o  t h e  n u m b e r  o f  
v a c a n c i e s  c r e a t e d .
F r o m  t h i s  b r i e f  d e s c r i p t i o n  o f  c h a r a c t e r i s t i c  x - r a y  p r o d u c t i o n ,  i t  
c a n  b e  s e e n  t h a t  t h e  t a r g e t  a t o m i c  n u m b e r ,  t h e  f l u o r e s c e n c e  y i e l d  a n d  
t h e  i n t e n s i t i e s  o f  e m i t t e d  x - r a y s  w i l l  b e  f a c t o r s  o f  i m p o r t a n c e  i n  t h e  
d e v e l o p m e n t  o f  a  c l i n i c a l  m e t h o d .
7 . 3  X - R a y  F l u o r e s c e n c e  i n  M e t a l  F o i l s
T o  e x a m i n e  t h e  i m p o r t a n c e  o f  t h e  v a r i o u s  p h y s i c a l  p r o c e s s e s  i n v o l v e d  
i n  i n  v i v o  f l u o r e s c e n c e  e x c i t a t i o n ,  t h e o r e t i c a l  p r e d i c t i o n s  w e r e  m a d e  
a n d  w e r e  c o m p a r e d  w i t h  o b s e r v a t i o n s  f o r  a n  e x p e r i m e n t a l  s i t u a t i o n  i n  w h i c h  
t h e  g e o m e t r y  w a s  w e l l  d e f i n e d .  T h e  a r r a n g e m e n t  u s e d  i s  s h o w n  i n  f i g u r e  7 . 1 .  
A  t a r g e t  w a s  i r r a d i a t e d  b y  a n  i n c i d e n t  m o n o e n e r g e t i c  l i n e  b e a m  a n d  i n d u c e d  
x - r a y s  w e r e  o b s e r v e d  w i t h  a  d e t e c t o r  c o l l i m a t e d  t o  a  l i n e  f i e l d  o f  v i e w .
T h e  n u m b e r ,  P ,  o f  k  s h e l l  p h o t o e l e c t r i c  i n t e r a c t i o n s  w h i c h  t a k e  p l a c e  
a t  t h e  p o i n t ,  d x ,  w h e r e  t h e  b e a m  a n d  t h e  d e t e c t o r  f i e l d  o f  v i e w  i n t e r c e p t ,  
i s  p r o p o r t i o n a l  t o  t h e  k  s h e l l  p h o t o e l e c t r i c  m a s s  a t t e n u a t i o n  c o e f f i c i e n t ,  
m ^ p h o t o »  t ^ie p h ° t o n  i n t e n s i t y ,  I ,  a t  t h e  p o i n t  d x  a n d  t h e  d e n s i t y ,  ^  , o f
1 9 8
p  < *  “  p h o t o  1  f  d x  7 . 1
I f  t h e  i n c i d e n t  i n t e n s i t y  i s  I 0 t h e n
I  *  i o e ‘ m P 1 * 4 1 x  7 . 2
w h e r e  m  i s  t h e  t o t a l  m a s s  a t t e n u a t i o n  c o e f f i c i e n t  f o r  t h e  e n e r g y  o f  t h e  
i n c i d e n t  b e a m  p h o t o n s .  T h e  n u m b e r  o f  k , *  x - r a y s ,  d N c , w h i c h  a r e  p r o d u c e d  
a s  a  r e s u l t  o f  P  p h o t o e l e c t r i c  i n t e r a c t i o n s  i s  g i v e n  b y
d N c  -  f w P  7 . 3
w h e r e  w  i s  t h e  f l u o r e s c e n c e  y i e l d  a n d  f  i s  t h e  f r a c t i o n a l  i n t e n s i t y  o f  k *  
x - r a y s .  T h e  n u m b e r  o f  k *  x - r a y s ,  d N ,  w h i c h  w i l l  r e a c h  t h e  d e t e c t o r  i s  
d e p e n d e n t  u p o n  t h e  t o t a l  m a s s  a t t e n u a t i o n  c o e f f i c i e n t ,  m ' , o f  t h e  t a r g e t  
m a t e r i a l  f o r  t h e  e n e r g y  o f  t h e  k < *  x - r a y s  a n d
d N  <x d N 0 e " m V 1 , 4 1 x  7 . 4
F r o m  t h e  a b o v e  f o u r  e q u a t i o n s  w e  c a n  w r i t e
d N  -  k '  £ > » l‘ p h o t o f * ' U 1f ( " h ' ' ) l l 4 ‘ 7 . 5
w h e r e  k 1 i s  a  c o n s t a n t  o f  p r o p o r t i o n a l i t y .  I f  t h e  t a r g e t  t h i c k n e s s  i s
t  t h e n  t h e  t o t a l  n u m b e r ,  N ,  o f  k < x  x - r a y s  o b s e r v e d  i s  g i v e n  b y
r t
N  “  k '  f  w  m k p h o t o f> J  e “ l * 4 1 p ( m + m  ) x  d x
0 n
* k f W mkphoto I* 1 - e “ l *4 1 f ( n t + m , ) t J  7 *6
m 4* m' ^
w h e r e  k  i s  a  s e c o n d  c o n s t a n t  o f  p r o p o r t i o n a l i t y .  T h i s  e q u a t i o n  s h o w s  
t h a t  t h e  n u m b e r  o f  x - r a y s  o b s e r v e d  i s  d e p e n d e n t  u p o n  v a r i o u s  i n t e r ­
r e l a t e d  f a c t o r s  w h i c h  a r e  p r i m a r i l y  f u n c t i o n s  o f  t h e  t a r g e t  a t o m i c
k
n u m b e r  ( f ,  w ,  m  p h o t o ) *  td ie e n e r S Y  o f  i n c i d e n t  b e a m  ( m ) , t h e  e n e r g y  
o f  t h e  i n d u c e d  x - r a y s  ( m 1 ) a n d  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  t a r g e t  ( p , t ) .
T o  t e s t  t h e  v a l i d i t y  o f  e q u a t i o n  7 . 6  a  n u m b e r  o f  m e t a l  f o i l s  w e r e  
i r r a d i a t e d  i n  t u r n  b y  a  b e a m  o f  p h o t o n s  f r o m  a  ^ 3 3 S m  s o u r c e .  T h e  s o u r c e
t h e  f o i l .  T h a t  i s
w a s  e n c a p s u l a t e d  i n  a  l e a d  c a s t l e  w i t h  a  c o l l i m a t o r  b o r e  2 . 5  c m  l o n g  
a n d  0 . 3  c m  i n  d i a m e t e r .  T h e  s o u r c e  w a s  f i l t e r e d  b y  a  0 , 0 6  c m  t h i c k  
t i n  f o i l  t o  e l i m i n a t e  t h e  l o w  e n e r g y  x - r a y s  o f  t h e  i n c i d e n t  b e a m .  T h e  
e n e r g y  s p e c t r u m  o f  t h e  i n c i d e n t  b e a m  m e a s u r e d  w i t h  t h e  H P G e  d e t e c t o r  i s  
s h o w n  i n  f i g u r e  7 . 2 .  F o r  t h e s e  e x p e r i m e n t s  t h e  2 . 5  c m  l o n g  t a n t a l u m  t u b e  
c o l l i m a t o r  w a s  u s e d  f o r  t h e  H P G e  d e t e c t o r .  T h e  d i s t a n c e  f r o m  t h e  c e n t r e  
o f  e a c h  t a r g e t  t o  t h e  f a c e  o f  e a c h  c o l l i m a t o r  w a s  7  c m .
T h e  e n e r g y  d e p e n d e n c e  o f  d e t e c t o r  c o u n t i n g  e f f i c i e n c y  a n d  e n e r g y
* _ . . 5 7 _ 2 4 1 .  . 1 3 3 _
r e s o l u t i o n  w a s  m e a s u r e d  u s i n g  r o d  s o u r c e s  o f  C o ,  A m  a n d  B a .
I n  f i g u r e  7 . 3  m e a s u r e d  e f f i c i e n c i e s  a r e  c o m p a r e d  w i t h  t h e o r e t i c a l
e f f i c i e n c i e s  c a l c u l a t e d  f r o m  t h e  p r o d u c t  o f  t h e  f r a c t i o n a l  a t t e n u a t i o n
o f  i n c i d e n t  p h o t o n s  i n  t h e  b e r y l l i u m  w i n d o w  ( 0 . 0 2  c m  t h i c k )  a n d  t h e
f r a c t i o n a l  p h o t o e l e c t r i c  a b s o r p t i o n  i n  t h e  g e r m a n i u m  c r y s t a l  ( 1 . 0 5  c m
t h i c k ) .  T h e  l o w  e f f i c i e n c i e s  m e a s u r e d  f o r  t h e  1 4 . 4  k e V  a n d  2 6 . 3  k e V
e m i s s i o n s  o f  5 7 C o  a n d  ^ ^ ^ A m  r e f l e c t  s e l f  a b s o r p t i o n  o f  p h o t o n s  i n  t h e
1 . 2 7  c m  d i a m e t e r  c a l i b r a t i o n  s o u r c e s .  I f  t h e  s o u r c e s  a r e  a s s u m e d  t o
c o n s i s t  o f  p l e x i g l a s  ( 05^ 0 2 ; ^ *  1 . 1 9 )  t h e n  f r a c t i o n a l  a t t e n u a t i o n s  a t
t h e s e  t w o  e n e r g i e s  a r e  0 . 3 0  a n d  0 . 7 3  r e s p e c t i v e l y  ( H u b b e l l ,  1 9 7 7 ) .  I n
a d d i t i o n ,  l o w  e n e r g y  e f f i c i e n c y  i s  r e d u c e d  a s  a  r e s u l t  o f  t h e  r e l a t i v e l y
l o w  p h o t o e l e c t r i c  c o e f f i c i e n t  b e l o w  t h e  a b s o r p t i o n  e d g e  o f  g e r m a n i u m  a s
w e l l  a s  b y  a b s o r p t i o n  i n  t h e  b e r y l l i u m  w i n d o w .  T h e s e  m e a s u r e m e n t s  s h o w
t h a t  d e t e c t i o n  e f f i c i e n c y  i s  c o n s t a n t  o v e r  t h e  e n e r g y  r a n g e  2 0  t o  8 0  k e V .
T h e  e n e r g y  r e s o l u t i o n  i s  s h o w n  i n  f i g u r e  7 . 4 .  A t  3 0  k e V ,  t h e  r e s o l u t i o n
w a s  5 5 0  e V  w h i l e  a t  8 0  k e V ,  i t  w a s  6 2 0  e V .
T h e  s p e c i f i c a t i o n s  o f  t h e  f o i l s  u s e d  a r e  g i v e n  i n  t a b l e  7 . 1 .  T o t a l  
m a s s  a t t e n u a t i o n  a n d  k  s h e l l  p h o t o e l e c t r i c  c o e f f i c i e n t s  w e r e  o b t a i n e d  b y  
f i t t i n g  t a b u l a t e d  a t o m i c  c r o s s  s e c t i o n s  ( V e i g e l e ,  1 9 7 3 )  t o  p o w e r  f u n c t i o n s  
o f  t h e  f o r m  <fm A E ®  w h e r e  i s  t h e  e l e m e n t a l  c r o s s  s e c t i o n  a t  t h e  e n e r g y  E  
a n d  A  a n d  B  a r e  c o n s t a n t s .  T h e  t o t a l  m a s s  a t t e n u a t i o n  c o e f f i c i e n t s  a t
I
Detector
F I G U R E  7 . 1 .  S o u r c e ,  t a r g e t  a n d  d e t e c t o r  a r r a n g e m e n t  f o r  p h o t o n  i n d u c e d  
x - r a y  f l u o r e s c e n c e .
ENERGY (keV)
Source
153F IG U R E  7 . 2 .  E n e r g y  s p e c t r u m  o f  t h e  t i n  f i l t e r e d  J Sm s o u r c e .
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F I G U R E  7 . 3 .  E n e r g y  d e p e n d e n c e  o f  c o u n t i n g  e f f i c i e n c y  f o r  t h e  H P G e  d e t e c t o r .  
T h e  s o l i d  l i n e  r e p r e s e n t s  a b s o r p t i o n  i n  t h e  G e  c r y s t a l .
F I G U R E  7 . 4 .  R e l a t i o n  b e t w e e n  e n e r g y  r e s o l u t i o n  a n d  p h o t o n  e n e r g y  f o r  
t h e  H P G e  d e t e c t o r .
2 0 1
T A B L E  7 . 1
S p e c i f i c a t i o n s  o f  f o i l s  f o r  x - r a y  f l u o r e s c e n c e .
E l e m e n t A t o m i c
N u m b e r
D e n s i t y
g . c m " 3
1 0 3  k e V  M a s s  A t t e n u a t i o n  
C o e f f i c i e n t  c n / g - l
m K p h o t o m
T h i c k n e s s
c m
F l u o r e s c e n c e  
Y i e l d
C a d m i u m  4 8
T i n  5 0
P r a s e o d y m i u m  5 9
G a d o l i n i u m  6 4
Y t t e r b i u m  7 0
T u n g s t e n  7 4
P l a t i n u m  7 8
L e a d  8 2
8 . 6 5
7 . 2 9
6 . 7 7
7 . 8 9
6 . 9 8
1 9 . 3 0
2 1 . 4 5
1 1 . 3 4
0 . 9 9
1 . 0 9
1 . 7 5
2 . 1 7
2 . 7 7
3 . 1 4
3 . 6 4
3 . 8 7
1 . 4 9  
1 . 6 1
2 . 5 0  
2 . 9 9  
3 . 7 2  
4 . 2 0  
4 . 8 3  
5 . 1 9
0 . 0 2 7
0.011
0.021
0 . 0 2 7
0 . 0 2 5
0 . 0 1 3
0.012
0 . 0 2 7
0 . 8 2
0 . 8 4
0 . 9 0
0 . 9 2
0 . 9 4
0 . 9 4
0 . 9 5
0 . 9 6
1 0 3  k e V  w e r e  d e r i v e d  f r o m  f u n c t i o n s  o b t a i n e d  f o r  e n e r g i e s  r a n g i n g  f r o m  
i m m e d i a t e l y  a b o v e  t h e  k  a b s o r p t i o n  e d g e  e n e r g y  o f  t h e  e l e m e n t  i n  q u e s t i o n  
u p  t o  a n d  i n c l u d i n g  t h e  v a l u e  f o r  2 0 0  k e V .  P h o t o e l e c t r i c  c r o s s  s e c t i o n s  
w e r e  f i t t e d  t o  t w o  f u n c t i o n s ,  o n e  f o r  e n e r g i e s  b e l o w  a n d  t h e  o t h e r  f o r  
e n e r g i e s  a b o v e  t h e  a b s o r p t i o n  e d g e .  T h e  k  s h e l l  p h o t o e l e c t r i c  c r o s s  
s e c t i o n  w a s  t a k e n  a s  t h e  d i f f e r e n c e  b e t w e e n  t h e  v a l u e s  o f  t h e  t w o  f u n c t i o n s  
a t  1 0 3  k e V .  F l u o r e s c e n c e  y i e l d s  w e r e  o b t a i n e d  f r o m  t h e  l i s t i n g  o f  H o f f e r ,
B e c k  a n d  G o t t s c h a l k  ( 1 9 7 1 )  a n d  t h e  m i n i m u m  e l e m e n t a l  p u r i t y  b y  w e i g h t  o f  
a n y  f o i l  w a s  9 9 . 9 % .
T h e  e n e r g i e s  a n d  i n t e n s i t i e s  o f  t h e  c h a r a c t e r i s t i c  x - r a y s  o f  t h e  
e l e m e n t s  l i s t e d  i n  t a b l e  7 . 1  a r e  p r e s e n t e d  i n  t a b l e  7 . 2 .  A l s o  s h o w n  
a r e  t h e  a b s o r p t i o n  e d g e  e n e r g i e s  a n d  t h e  f r a c t i o n a l  k o c i n t e n s i t i e s .
T o t a l  m a s s  a t t e n u a t i o n  c o e f f i c i e n t s  a t  t h e  e n e r g y  o f  t h e  e x c i t e d  
x - r a y s  w e r e  d e r i v e d  i n  t h e  s a m e  m a n n e r  a s  t h o s e  f o r  t h e  i n c i d e n t  b e a m  
e n e r g y .  T a b u l a t e d  c o e f f i c i e n t s  b e l o w  t h e  a b s o r p t i o n  e d g e  e n e r g y  w e r e  
u s e d  t o  d e r i v e  t h e  r e s p e c t i v e  p o w e r  f u n c t i o n s .  T h e  m i n i m u m  n u m b e r  o f  
t a b u l a t e d  v a l u e s  u s e d  f o r  a n y  f i t  w a s  f i v e  a n d  c o e f f i c i e n t s  w e r e  c a l c u l a t e d  
f o r  e a c h  f o i l  a t  t h e  e n e r g i e s  o f  t h e  k < *  a n d  k ^  x - r a y s  w e i g h t e d  a c c o r d i n g  
t o  t h e i r  i n t e n s i t i e s .  T h e s e  m e a n  e n e r g i e s  a n d  d e r i v e d  c o e f f i c i e n t s  a r e  
g i v e n  i n  t a b l e  7 . 3 .
F r o m  t h e  d a t a  o f  t a b l e s  7 . 1 ,  7 . 2  a n d  7 . 3 ,  t h e  r e l a t i v e  n u m b e r  o f  k *  
x - r a y s  e x p e c t e d  f r o m  e a c h  f o i l  w a s  c a l c u l a t e d  a n d  i s  g i v e n  i n  t a b l e  7 . 4 .
T o  i l l u s t r a t e  t h e  c o n t r i b u t i o n  o f  t h e  c o n s t i t u e n t  t e r m s  o f  e q u a t i o n  7 . 6 ,  
t h e i r  m a g n i t u d e s  a r e  a l s o  l i s t e d  i n  t a b l e  7 . 4 .
2 . 0 3
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T A B L E  7 . 3
M e a n  e n e r g ie s  a n d  a t t e n u a t i o n  c o e f f i c i e n t s .
Element
Weighted
Energy
X -ra y
(keV)
Mass A tte n u a tio n  
C o e f f ic ie n t ,  m*. (c m ^ g - l )
koc
k£
k *
k P
Cadmium 23,1 26.2 13.06 9.33
T i n 25.2 28.6 11.66 8.31
Praseodymium 35.9 40.9 7.65 5.44
Gadolinium 42.8 49.0 5.91 4.16
Ytterbium 52.1 59.6 4.56 3.22
Tungsten 58.8 67.6 3.90 2.73
Platinum 66.2 76.1 3.36 2.35
Lead 74.2 85.4 2.88 2.02
TABLE 7 .4
Predicted number of detected kot x -r a y s .
Element fw airphoto
m-fm’
rt 
j
Expected R e la tive  
Number of x -ra y s
Cadmium 0.68 0.068 3.40 0.13
T i n 0.70 0.082 1.06 0.13
Praseodymium 0.73 0.172 1.44 0.31
Gadolinium 0.75 0.244 1.90 0.49
Ytterbium 0.75 0.335 1.45 0.63
Tungsten 0.74 0.388 2.03 0.78
Platinum 0.74 0.444 2.11 0.89
Lead 0.75 0.480 2.47 1.00
Z Q < o
In s p e c tio n  of ta b le  7 .4  shows t h a t ,  f o r  the range of atomic numbers 
examined ( 4 8 - 8 2 ) ,  there i s  l i t t l e  change in  the product of the fluorescence  
y i e l d  and the f r a c t i o n a l  k<* i n t e n s i t y . The same is  true  f o r  the e xp o ne n tia l 
term of equation 7 .6  which v a r ie s  from 0 .78  (Sn) to 0 .99 (Cd) . The p r e ­
dominant f a c t o r  i s  the r a t i o  of the k s h e l l  p h o t o e le c t r ic  c o e f f i c i e n t  to 
the sum of the a tte n u a tio n  c o e f f ic i e n t s  f o r  the in c id e n t  and x - r a y  beams.
The sp ectra  observed f o r  the Cd, P r ,  Yb and Pb f o i l s  are shown i n
f ig u r e  7 .5 .  To o b ta in  the re le v a n t  count ra te s  each spectrum was f i v e
p o in t  smoothed and energy windows were set to encompass k o t x - r a y s .
Window w idths ranged from 2 .4  keV f o r  Cd to  4 .8  keV f o r  Pb. Areas of
i n t e r e s t  were e x tra c te d  u s in g  the PDP 11/20 m u lt ich a n n e l a n a ly z e r .  The
number of k<x lead x -r a y s  was c o rre c te d  f o r  background o r i g i n a t i n g  from
the lead s h ie ld  of the d e te c to r  and a l l  count ra te s  were c o rre c te d  f o r
source decay. The r e s u l t s  are p lo t t e d  in  f ig u r e  7 .6 .  The c o r r e la t i o n
c o e f f ic i e n t  between the measured and p re d ic te d  ra te s  is  0 .9 9 .  A lthough
the in t e r c e p t  of the le a s t  squares f i t  to  the data ( 8.1  -  15.4  cpm) is
not s i g n i f i c a n t l y  d i f f e r e n t  from z e ro ,  i t s  p o s i t i v e  value suggests th a t
there may be a system atic  e r r o r  in  the measured r a t e s .
153The presence of the 69.7 keV gamma ray  of the Sm source w i l l  
increase the number of c h a r a c t e r i s t i c  x - r a y s  f o r  a l l  f o i l s  a pa rt  from 
those i n  which the k a b s o rp tio n  edge energy i s  g re a te r  than 69.7 keV 
(P t  and P b ) . From the r e l a t i v e  i n t e n s i t i e s  of the 69.7 and 103.2 keV 
photopeaks ( f i g u r e  7 .2 )  and by d e r iv in g  the re le v a n t  c o e f f i c i e n t s ,  i t  
can be shown th a t the increase  i n  the number of x - r a y s  would be 107o fo r  
the Cd f o i l  and 67* f o r  the W f o i l .  T h is  e f f e c t  would produce a p o s i t i v e  
i n t e rc e p t  i n  f ig u r e  7 .6 .
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FIGURE 7 .5 .  Fluorescence e x c i t a t io n  spectra fo r  four of the f o i l s .
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FIGURE 7 .6 .  Observed and p re dicte d  k ^  x - r a y  count ra te s .
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Another source of e r r o r  in  these r e s u l t s  is  the p ro d u c tio n  of 
x - r a y s  by in c id e n t  beam photons which in te ra c te d  in  the f o i l  but were 
not removed from the beam. Any photons which are c o h e re n tly  sca tte re d  
or which are Compton sca tte re d  through small angles may s t i l l  in t e r a c t  
p h o t o e l e c t r i c a l l y  and f a l s e l y  incre ase  the measured count r a t e .  The 
p r o b a b i l i t y  of such i n t e r a c t io n s  w i l l  be re la t e d  to the r a t i o  of the 
coherent p lu s  the incoherent i n t e r a c t io n  cross se ctio n s  a t  103 keV to  
the t o t a l  i n t e r a c t io n  cross s e c t io n .  T h is  r a t i o  f a l l s  from about one 
t h i r d  f o r  Cd to  approxim ately one q u a rte r  f o r  Pb. A lso  of importance is  
the r e l a t i o n  between the mean fre e  path f o r  103 keV photons in  a f o i l  and 
the thickness of a f o i l .  Mean fre e  paths ranged from 7.7  times the 
thickness of the f o i l  (S n ) to  o n ly  60% of the thickness of the f o i l  ( P b ) .
These r e s u lt s  v e r i f y  th a t equation 7 .6  describes w ith  reasonable 
a ccuracy, the process of x - r a y  p ro d u c tio n  in  metal f o i l s .  However, fo r  
in  v i v o  measurements the experim ental geometry w i l l  not be w e l l  defined 
and the problem of a tte n u a tio n  w i l l  be s i g n i f i c a n t .  Thus two f u r t h e r  
sets of experiments were performed. In  one, the nature of the r e l a t i o n  
between the number of e x c ite d  x - r a y s  and the co n ce n tra tio n  of ta rg e t  
atoms i s  examined f o r  a phantom i n  which the f r a c t io n a l  a tte n u a tio n  of 
103 keV photons is  s i m i la r  to th a t f o r  the human th o ra x . In  the second, 
the e f f e c t  of changing the diameter of the phantom w h i ls t  m a in ta in in g  a 
constant ta rg e t  atom c o n c e n tra t io n  is  determ ined. In  these experiments 
io d ine  is  used as the sta b le  t r a c e r  because i t  i s  known th a t  la rg e  q u a n t it ie s  
can be in je c te d  in t o  man w ith  minimal side e f f e c t s .  Fo r  example, in  a n g io ­
g ra p h ic  stu dies q u a n t it ie s  of elemental iod ine  as la rg e  as 80 g (cslO4 x 
t o t a l  body io d in e )  can be in je c te d  (G r a in g e r ,  1980). T h is  r e s t r i c t i o n  to
io d in e  as a ta rg e t  element should not be regarded as a t a c i t  acceptance 
th a t  io d ine  i s  the o n ly  p r a c t i c a l  ta r g e t  elem ent. Indeed the f o i l  
measurements in d ic a te  th a t  elements of h ig h e r  atomic number may o f fe r  
se ve ra l advantages. Ne verth ele ss f o r  an i n i t i a l  e x p lo ra t io n  of t h is  
p a r t i c u l a r  a p p l ic a t io n ,  io d ine  i s  considered to  be an a p p ro p ria te  element.
7 .4  The R e la t io n  between Iodine  C o n c e n tra t io n  and the Number of X -ra y s
Detected
The p rim a ry  requirem ent in  a c l i n i c a l  system f o r  the measurement 
of f r a c t i o n a l  lung blood volume by f luo rescen ce  e x c i t a t io n  is  th a t  a 
s u ita b le  ta rg e t  element i s  a v a i la b le  which can be r e s t r i c t e d  to the 
v a s c u la r  compartment. Consider th a t  such an agent i s  a v a i la b le  and th a t 
i t  i s  an iod ine  c o n ta in in g  compound. In  order to  r e la t e  the number of 
x -r a y s  produced to the f r a c t i o n a l  blood content of the t is s u e ,  a 
c a l i b r a t i o n  procedure is  re q u ir e d .  C o n ce iva bly  t h i s  could  be done by 
i r r a d i a t i o n ,  i n  the same s u b je c t ,  of a blood pool such as th a t  w i t h i n  
the h e a r t .  Provided th a t proper a tte n u a tio n  c o r re c t io n s  could  be made 
and th a t a r e l i a b l e  means of lo c a t in g  the s e n s i t iv e  volume e n t i r e l y  w it h in  
the blood pool was developed, a simple comparison of the numbers of detected 
x - r a y s  would y i e l d  the re q u ire d  volume. P robably  a more p r a c t i c a l  approach 
is  to  c a l ib r a t e  the system from measurements of the number of x -r a y s  
e x c ite d  from a blood sample taken from the su b je c t  at the same tim e .
T h is  method re q u ire s  not o n ly  the a p p ro p ria te  a tte n u a tio n  c o r re c t io n s  
but a lso  th a t  the system respond in  a p re d ic ta b le  manner over the con­
c e n t r a t io n  ranges found in  blood and lung t is s u e .
P re d ic t io n s  concerning both the e ff e c ts  of a tte n u a tio n  and the nature 
of the r e l a t i o n  between the number of induced x -r a y s  and ta rg e t  atom 
c o n c e n tra t io n  can be made u s in g  a s i m i l a r  approach to th a t  of s e c tio n  7 .3 .
measurement. The o b je c t  to  be considered is  a r i g h t  c y l in d e r  of ra d iu s  r ,
153c o n ta in in g  a s o lu t io n  of elem ental i o d in e .  The Sm source and the 
HPGe d e te c to r  are in  a plane p e rp e n d ic u la r  to  the v e r t i c a l  a x is  of the 
c y l i n d e r .  A s e n s i t iv e  volume, v ,  i s  define d  by source and d e te c to r  
c o l l im a t io n  so th a t i t  i s  r e s t r i c t e d  e n t i r e l y  w it h in  the c y l i n d e r .  The
number of p h o t o e le c t r ic  in t e r a c t i o n s ,  P, which take place  w it h i n  the 
volume is  g iven by
P «  / p h o t o  1 v  CI  7 -7
.3
where CQ i s  the io d in e  c o n c e n tra t io n  i n  u n i t s  of g.cm . Since f o r  
these experiments the ta rg e t  atom i s  io d in e  (a b s o rp tio n  edge energy
3 3 .2  k e V ) , the europium x -r a y s  as w e ll  as the 103.2 keV gamma rays of 
the ^33Sm source can be used f o r  e x c i t a t i o n .  Thus the product jJkphoto I  
in  equation 7.7 should be rep lace d  by a f a c t o r  F given by the expression
F -  2  ( ^ kphoto ! o ) n e ’/ n r j  ?>8
153
where n i s  the number of d is c re te  photon ene rg ie s present w i t h i n  the Sm
e x c i t a t i o n  spectrum which are capable of p roducing k s h e l l  vacancies in
io d in e  atoms. I c is  the i n c id e n t  i n t e n s i t y  and p n  the l i n e a r  a tte n u a tio n
c o e f f ic i e n t  a t  each of the n e n e rg ie s .  Since we are now concerned w ith
a s in g le  element, n e ith e r  the fluorescence  y i e l d  nor the r e l a t i v e  k ^  x - r a y
i n t e n s i t y  i s  of concern and the number of c h a r a c t e r i s t i c  x -r a y s  which
reach the d e te c to r  i s  g iven  by
N -  k F C j  e ‘P ! r  7 .9
where p '  is  the l in e a r  a tte n u a tio n  c o e f f ic i e n t  f o r  iod ine  x - r a y s .
To evaluate  the f a c to r  F ,  the i n t e n s i t i e s  of e x c i t a t io n  photons in  
153
T h e  m o d i f i c a t i o n s  w h i c h  h a v e  t o  b e  m a d e  c o n c e r n  t h e  g e o m e t r y  o f  t h e
t h e  i n c i d e n t  Sm s p e c t r u m  w e r e  d e t e r m i n e d .  T h e  s p e c t r u m  i s  s h o w n  i n
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f ig u r e  7 .7 .  The r e l a t i v e  i n t e n s i t i e s ,  a f t e r  c o r re c t io n  f o r  d e te c to r  
co u n ting  e f f i c i e n c y ,  were 1 .0 0 , 0 .1 3 ,  0 .28  and 1.53 f o r  the 103.2 ,
6 9 .7 ,  47.3 and 41.3 keV photons r e s p e c t i v e l y .  Atomic cross s e ctio n s  
were obtained at each of the fo u r  e nergies f o r  hydrogen, oxygen and 
io d in e  u s in g  the same methods described  p r e v io u s ly .  Mass a tte n u a tio n  
and l i n e a r  a tte n u a tio n  c o e f f ic i e n t s  were c a lc u la te d  from the elemental 
c o n c e n tra tio n s  of hydrogen, oxygen and io d in e  and the d e n s ity  of each 
s o lu t io n  was assumed to be 1.00 g.cm"*3 . C a lc u la te d  c o e f f ic ie n t s  are 
shown i n  tab le  7 .5  and the d e riv e d  values of the terms of e quation  7 .9  
are given  in  ta b le  7 .6  f o r  a number of s o lu t io n s  of d i f f e r e n t  iod ine  
c o n c e n tr a t io n s .
Io d in e  s o lu t io n s  were prepared by d is s o lv in g  known weights of
potassium iod ide  i n  d i s t i l l e d  water and b r i n g i n g  to volume in  a 500 ml
v o lu m e tr ic  f l a s k .  The c o n t r ib u t io n  of potassium ions to  photon a tte n u a tio n
was ig n o re d . Each s o lu t io n  was t ra n s f e r r e d  to a 500 ml c y l i n d r i c a l  p l a s t i c
co n ta in e r  of ra d iu s  3 .5  cm. F o r  these measurements the t i n  f i l t e r  was 
153removed from the Sm source and the 2 .5  cm lo n g, 0 .3  cm diameter lead 
c o l l im a t o r  was replaced by the 2 .5  cm long tantalum tube c o l l i m a t o r .
The d istance  from the v e r t i c a l  a xis  of each p l a s t i c  ve sse l to the face 
of the d e te c to r  and source c o l l im a t o r s  was 15 cm.
The sp ectra  observed f o r  io d ine  s o lu tio n s  of 0 .5  and 10 m g.m l”  ^ are 
shown i n  f ig u r e  7 .8 .  In  the upper spectrum the k<x iod ine  x - r a y s  at
28.5 keV can be seen as w e l l  as s in g le  s c a tte r  peaks at 8 5 .9 ,  6 1 .3 ,
43.3 and 38.2  keV corresponding to 90° s c a t t e r in g  of the 103.2 and
7
15369.7 keV gamma rays and the k<* and k»  europium x -r a y s  em itted  from ^-'-'Sm.
B o t h  t h e  k< * a n d  k ^  i o d i n e  x - r a y s  a r e  p r o m i n e n t  i n  t h e  s p e c t r u m  f o r  t h e
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FIGURE 7 .7 .  The 133Sra u n f i l t e r e d  in c id e n t  spectrum.
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T A B L E  7 . 5
A tte n u a tio n  c o e f f ic ie n t s  fo r  iod ine  s o lu t io n s .
Hydrogen Oxygen Iodine (C x ■ Concentration)
n keV ^ ( c m " 1) ^ ( c m " 1) A i ( c r a _ i ) A kphoto(cm2S-1 )
1 103.2 0.032 0.140 1.88 Cx 1.19
2 69.7 0.035 0.188 5.28 C i 3.73
3 47.0 0.037 0.252 14.94 Cx 11.71
4 41.5 0.038 0.276 20.75 C j 16.81
X A* A ’
28.5 0.040 0.464 10.27 C j
TABLE 7.6
R e la tiv e  number of io d ine  x -ra y s  produced from 
iodine  s o lu tio n s  of d i f f e r e n t  conce ntratio ns .
C l
-3g.cm
e A ’ r  
( r  »  3 .5  cm)
F N
0.0005 0.168 10.30 10.2
0.0010 0.165 9.98 24.3
0.0024 0.157 9.11 50.6
0.0050 0.143 7.72 81.4
0.0070 0.133 6.81 93.5
0.0100 0.120 5.65 100
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FIGURE 7 .8 .  Spectra e xcited  from iodine so lu tio n s  of 0.5 mg.ml (upper)
and 10 tng.ml"ri ( l o w e r ) . The accumulation time fo r  each 
spectrum was 60 minutes.
10 rag.ml”^ io d in e  s o lu t io n .  Note a ls o  the re d u c tio n  in  the s in g le  
s c a tte r  peaks, p a r t i c u l a r l y  at lower e n e rg ie s , due to  the increase in  
the r a t i o  of the p h o t o e le c t r ic  to  the inco h e re n t cross s e c t io n .  There 
i s  a lso  a low energy peak a t  18.7 keV which is  p ro b ab ly  a germanium 
escape peak since the d if fe re n c e  between the energy of io d in e  x -r a y s  
and germanium k<xl x - r a y s  is  18.73 keV.
Observed count ra te s  f o r  io d in e  k<x x - r a y s  were obtained f o r  each 
s o lu t io n  and are compared in  f ig u r e  7 .9  w ith  the r e l a t i v e  count ra te s  
p re d ic te d  from equation  7 .9 .  The in t e r c e p t  f o r  the le a s t  squares f i t  
to t h is  data i s  0 .3  10.3 and the slope is  1.084 *  0 .1 50; the c o r r e l a t i o n
c o e f f ic i e n t  i s  0 .995 .
Fluorescence sp ectra  were a lso  obtained f o r  iod ine  s o lu t io n s  of a 
f ix e d  c o n c e n tra t io n  ( 2 . 4  m g.m l"^ )  contained w it h in  ve sse ls  of d i f f e r e n t  
d iam eter. In  a s im i la r  manner as above, r e l a t i v e  count ra te s  were 
p re d ic te d  from equation 7 .9  (Ta b le  7 .7 )  and are compared w ith  measured 
count rate s  i n  f ig u r e  7 .1 0 .  The i n t e r c e p t  of the le a s t  squares f i t  is
9.7  ^  8.7 and the slope i s  0.437 *  0 .1 59 ; the c o r r e l a t i o n  c o e f f i c i e n t  
i s  0 .9 9 2 . The spectra  observed f o r  the sm allest and la rg e s t  ve s s e ls  are 
shown in  f ig u r e  7 .1 1 .
The f luorescence  sp ectra  of f ig u r e s  7 .8  and 7.11 a l l  show the presence 
of m u lt ip le  s c a t t e r i n g .  P a r t i c u l a r l y  e v id e nt in  the spectrum from the 
la rg e s t  ve sse l ( f i g u r e  7 .1 1 , lo w er) i s  the upper energy bound f o r  m u lt ip le  
s c a tte r  at  92-3 keV. The r e s u l t s  of f ig u r e  7.10 show th a t equation 7 .9  
can be used to  p r e d i c t  the r e l a t i v e  changes in  the observed count rate  
f o r  io d ine  kc*. x -r a y s  a lthough a system a tic  e r r o r  is  present which leads 
to  a non zero  i n t e r c e p t .  T h is  is  undoubtedly the r e s u l t  of x - r a y  p ro d u c tio n  
by photons which were s c a tte re d  from the prim ary  beam and subsequently 
in te ra c te d  p h o t o e l e c t r i c a l l y  to produce detected io d in e  x - r a y s .
FIGURE 7.
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Comparison of observed and p re d icte d  count rates fo r  
d if f e r e n t  iod ine  so lu t io n s  ranging in  co n ce ntra tio n  from 
0.5  to 10 mg.ml"ri.
T A B L E  7 . 7
R e la tive  number of iod ine  x -ra y s  produced from 
an iodine  s o lu t io n  in  vessels  of d if f e r e n t  s iz e .
r
cm ( C j  »  0.0024 g.cm"3)
F N
3 .5 0.157 9.11 100
4.5 0.093 6.48 41.9
6 .0 0.042 3 .90 11.4
7.5 0.019 2.37 3.1
FIGURE 7 .10. Comparison of observed and p redicted count rates fo r  iodine 
^  s o lu tio n s  contained in  vessels ranging in  diameter from
7.0 to 15.0 cm.
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FIGURE 7 .1 1 . Spectra e xcited  from an iod ine  s o lu t io n  contained w ith in
vessels of 7 .0  and 15.0 cm diameter. The accumulation time 
fo r  each spectrum was 60 minutes.
7 .5  In  V iv o  Measurements
7 .5 .1  The In  V iv o  E x c i t a t i o n  Spectrum
The r e s u l t s  presented i n  t h i s  chap te r have shown th a t  the number
of x -r a y s  detected d u r in g  photon e x c i t a t i o n  of inanimate o b je c ts  can be
p re d ic te d  by a p p l ic a t io n  of the p r i n c i p l e s  u n d e r ly in g  the mechanisms of
in t e r a c t i o n  of e le ctro m a g n e tic  r a d i a t i o n  w ith  m a tte r .  N e v e rth e le s s ,
since i t  o fte n  appears th a t  b i o l o g i c a l  experiments do not obey the laws
of p h y s ic s ,  i t  was considered prudent to  base a d e c is io n  concerning  the
f e a s i b i l i t y  of in  v i v o  measurements in  man on the r e s u lt s  of an i_n v iv o
experim ent. A female sheep w eighing 68 kg was a na eth etize d  w ith  sodium
p e n t o b a r b it a l  and p o s it io n e d  so th a t  the s e n s i t i v e  volume define d  by the
153
i n t e r s e c t io n  of the beam from a Sm source and the o rth ogona l f i e l d  
of view of the HPGe d e te c to r  was r e s t r i c t e d  to the sheep's b r a i n .  The 
b ra in  was se lected  as the organ of i n t e r e s t  because, at le a s t  i n  monkeys, 
the volume of d i l u t i o n  f o r  the c o n tra s t  agent R eno g rafin -7 6  (Squibb 
Canada I n c . )  is  s i m i la r  to th a t  of the c e re b ro v a s c u la r  compartment 
(P h e lp s , Grubb and T e r -P o g o s s ia n ,  1973) . A lthough Caille^ et a l  (1978) 
contend th a t  no c o n tra s t  agent remains t o t a l l y  i n t r a v a s c u la r  w i t h i n  the 
b ra in  of man, i t  was considered acceptable  to use R e no g ra fin -7 6  as a 
marker f o r  the c e re b ro v a s c u la r  compartment of the sheep. From a l a t e r a l  
x - r a y  of the sheep's head ( f i g u r e  7 . 12 ) and from the p o s i t io n  of the 
source and d e te c to r  c a s t le s  in  r e l a t i o n  to e x te rn a l  bony landmarks, 
i t  was estimated th a t  the ce ntre  of the s e n s i t iv e  volume (6 .5  cm from 
the face of each c o l l i m a t o r )  was c lose  to the centre  of the b r a i n .  The
2 .5  cm long tantalum tube c o l l i m a t o r s  were used and the s iz e  of the
3
s e n s it iv e  volume was a pp roxim a tely  2 .5  cm . The volume of c o n tra s t  agent
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FIGURE 7 .1 2 . L a te ra l  s k u ll  x - r a y  of the sheep.
2 2 2
i n je c t e d  in t o  the sheep contained app roxim ately  14.5 g of io d in e ,  a 
t y p i c a l  dose used f o r  e x c re to ry  urography or angiography i n  a d u lt  man.
A f luorescence  spectrum was accumulated d u r in g  the i n t e r v a l  from 1 to  51 
minutes a f t e r  the i n j e c t i o n  and i s  shown i n  f ig u r e  7 .1 3 .  The average 
count ra te  due to iod ine  k<* x - r a y s  was 4 .6  "t 0 .3  cpm.
Blood samples were c o l le c t e d  at about 10 minute i n t e r v a l s  d u r in g  
the f i r s t  hour f o l lo w in g  i n j e c t i o n .  Plasma was separated by c e n t r i f u g a t io n ,  
d i lu t e d  w ith  d i s t i l l e d  water and was placed in  a p l a s t i c  te s t  tube. Iodine  
content was measured in  the f lu o re s c e n t  system by comparing the number of 
x -r a y s  e x c ite d  from each sample w ith  the number e x c ite d  from standard 
io d in e  s o lu t io n s  prepared g r a v i m e t r i c a l l y  and i r r a d i a t e d  in  the same 
geometry. The d i l u t i o n  f a c t o r  f o r  each sample was adjusted so th a t the 
number of counts was w it h i n  the same range as th a t  observed f o r  the 
standa rds. The change in  plasma io d in e  c o n c e n tra t io n  is  shown in  f ig u r e  7 .1 4 .  
I t  can be seen tha t the c o n c e n tra t io n  f e l l  by a f a c to r  of about 3 d u rin g  
the time i n t e r v a l  the in  v i v o  spectrum was accumulated. The data of 
f ig u r e  7 .1 4  could be f i t t e d  by le a s t  squares a n a ly s is  to a s in g le  e xpone ntia l 
w ith  a c o r r e la t i o n  c o e f f ic i e n t  of 0 .9 6 . From the zero time in t e rc e p t  of 
the f i t t e d  e quation  the volume of d i l u t i o n  of the c o n tra s t  agent was 
c a lc u la te d  to be app roxim a tely  6 .1  l i t r e s  (90 m l .k g ’ 1) ,  a va lue  c lose  to 
the blood volume of the sheep.
A second spectrum was c o l le c t e d  from 66 to 86 minutes a f t e r  the
i n j e c t i o n  of R e nog rafin -7 6  w ith  the tantalum c o l l im a t o r  of the source
removed. Fo r  t h i s  measurement the s e n s i t iv e  volume approximated a c y l in d e r  
w ith  the long axis  p o s it io n e d  t r a n s v e r s e ly  across the b r a in .  The s e n s it iv e  
volume occupied about 7 .5  cm3 . The measured count ra te  was 15.0 t  0 .9  cpm
and the observed spectrum i s  shown in  f ig u r e  7 .1 5 .
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FIGURE 7 .1 3 . In  v iv o  fluorescence e x c i t a t io n  spectrum; s e n s it iv e  volume 2 .5  cm3 . 
The lower spectrum shows the energy re g io n  from 18 to 38 keV; 
the arrow in d ic a te s  the expected lo c a t io n  of io d in e  ko< x - r a y s .
F IG U R E  7 . 1 4 .  C h a n g e  w i t h  t im e  o f  p la s m a  i o d i n e  c o n c e n t r a t i o n  i n  a  s h e e p .
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FIGURE 7 .1 5 . In  v iv o  fluorescence e x c i t a t io n  spectrum; s e n s it iv e  volume 7 .5  cm .
The lower spectrum shows the energy re g io n  from 18 to 38 keV; 
the arrow in d ic a te s  the expected lo c a t io n  of io d in e  k ^  x - r a y s .
The dose ra te  i n  the beam was measured w ith  an ion  chamber (N u c le a r  
E n t e r p r is e s ;  0 5 0 0 ).  Fo r  the tantalum  tube c o l l im a te d  source the dose 
ra te  was 1 mG h*^ (100 mr h~*) a f t e r  c o r r e c t io n  f o r  decay and f o r  the 
d if fe re n c e  between the areas of the beam and of the chamber of the 
i o n i z a t i o n  d e te c to r .  The a c t i v i t y  of the ^ 53Sm source measured w ith  
the c a l ib r a t e d  G e (L i )  d e te c to r  was 22.9  *  0 .3  GBq (620 "t 8 m C i ) .
From these measurements i t  can be p re d ic te d  th a t an in  v iv o  measure­
ment i n  man w i l l  be f e a s i b l e .  In  the sheep experiment the r a d ia t io n  
dose re q u ire d  to  y i e l d  a number of detected io d in e  k<x x - r a y s  s u f f i c i e n t  
to  be measured w ith  a standard d e v ia t io n  of 3% would be about 4 mSv 
(400 m rem ). The dose re q u ire d  to  measure f r a c t i o n a l  lung blood volume
in  man w i l l  be less since lung blood volume ( ~  0.16 ml cm-3 )  i s  about
-3twice b ra in  blood volume 0.07 ml cm ) .  In  a d d it io n ,  the s iz e  of the 
s e n s i t iv e  volume which can be r e s t r i c t e d  to the lungs of a d u lt  man w i l l  
be at le a s t  a f a c t o r  of ten g re a te r  than th a t  used in  the sheep measure­
ment. The co n clu s io n  th a t  the f lu o re sc e n ce  technique w i l l  y i e l d  a 
r e l i a b l e  measurement w it h in  the l i m i t  of an acceptable  r a d ia t io n  dose 
assumes th a t  a ta r g e t  element i s  a v a i la b le  and th a t  a method i s  developed 
to  c o r r e c t  f o r  a tte n u a tio n  of the in c id e n t  and x - r a y  beams. These two 
f a c to r s  are considered in  the f o l lo w in g  two s e c t io n s .
7*5.2  T a r g e t  Element
There are few s i t u a t io n s  in  which elements of h ig h  atomic number 
are or have been in je c te d  i n t o  man. One such instance i s  the treatm ent 
of rheumatoid a r t h r i t i s  by the i n j e c t i o n  of gold s a l t s .  A course of 
treatm ent l a s t i n g  s ix  months w i l l  in c lu d e  in tra m u s c u la r  i n j e c t i o n s  of 
almost 1 g of sodium a u ro th io m a la te . Undoubtedly to r e s t r i c t  such large
q u a n t it ie s  of the se lected  element to  the v a s c u la r  compartment i t  w i l l  
be necessary to  employ chemical camouflage. Lead (Z * 82) has been 
chelated w ith  ethylenediam ine te t r a c e t a t e  (EDTA) and has been i n je c t e d  
as a c o n tra s t  agent in t o  man (S a pe ik a , 1955) i n  q u a n t i t ie s  up to  about 
5 g. The r e t e n t io n  of o n ly  one te n th  of t h is  q u a n t ity  of lead c o n s t i tu te s  
severe lead p o iso n ing  (Rubin and D i C h i r o ,  1 959). Such a r e t e n t io n  is  
p o s s ib le  i ii  v iv o  since the c h e la te  d is s o c ia te s  due to  the presence of 
ions (hydrogen, i r o n ,  ca lc iu m  and copper) competing w ith  lead f o r  c h e la t io n  
and complexing agents ( c h lo r id e  in  p a r t i c u l a r )  competing w ith  EDTA 
( T j e r n b e r g ,  1 957). A s i m i la r  s i t u a t i o n  a p p lie s  when bismuth (Z ■ 83) 
complexed w ith  d ie th y le n e tr ia m in e  p entacetate  i s  used as a c o n tra s t  agent 
(N a lbandia n, Rice and N ic k e l ,  1959).
I t  may be p o s s ib le  to in tro d u ce  the ta rg e t  element by phagocytosis  
in t o  an a p p ro p ria te  c e l l .  I t  has been shown (G o s s e lin ,  1956) th a t 
macrophages can i n j e s t  c o l l o i d a l  g o ld .  C onsiderable  numbers of p o l y ­
styrene p a r t i c l e s  can be taken up by polymorphonuclear leukocytes (Roberts 
and Q u a s te l ,  1963). In  a s i m i l a r  fa s h io n , i t  may be p o s s ib le  to  i n j e c t  
to x ic  elements a f t e r  e n c lo s in g  them in  l i p i d - p r o t e i n  v e s ic le s  formed from 
n a t iv e  plasma components (Dunnick and K r is s ,  1977) . However these 
techniques are u n l i k e l y  to be s u cce ssfu l because the t o t a l  mass of ta rg e t  
element which can be intro du ce d  in t o  and re ta in e d  w it h in  the v a s c u la r  
compartment w i l l  p ro b ab ly  be too sm all to  produce a d ete ctab le  s ig n a l  
f o r  an acceptable  r a d ia t io n  dose. L o g i c a l l y  the c e l l  to e x p lo i t  f o r  such 
a measurement would be the e ry th ro c y te  since i t  is  r e s t r i c t e d  to the 
v a s c u la r  space and i s  p re se nt in  la rg e  numbers.
I t  has been shown (P r ic e  e t a l ,  1976) th a t  red c e l l s  can be la b e l le d
w ith  elemental caesium (Z  ■ 55) and th a t  in  man the volume of d i l u t i o n
51of caesium la b e l le d  red c e l l s  is  the same as th a t  of Cr la b e l le d  c e l l s  
fo r  a t  le a s t  40 minutes a f t e r  i n j e c t i o n .  T h is  approach would appear to 
be the most reasonable upon which to base the fu tu re  development of a 
c l i n i c a l  system.
7 .5 .3  A tte n u a t io n
To estim ate the influence- of a tte n u a tio n  in_ v i v o , a tte n u a tio n  f a c to rs  
were evaluated from equations 7 .8  and 7 .9  f o r  e x c i t a t i o n  beams of 103 
and 41.5  keV. T is s u e  path le ng th s were assumed to be 10 cm and the 
a tte n u a tio n  c o e f f ic i e n t s  used were those given  in  tab le  7 .5  f o r  iod ine  
s o lu t io n s  of c o n c e n tra t io n  1 rag.ml’ 1 . The d e rive d  fa c to rs  were 0 .89 at 
103 keV and 0.73 at 41.5  keV. A tte n u a t io n  of in c id e n t  and e x c ite d  x -r a y s  
w it h i n  lung t is s u e ,  muscle and r ib s  w i l l  not be as severe since the 
average d e n s ity  w i l l  be le ss than th a t  of an iod ine  s o lu t io n .  Neve rth eless 
a r e l i a b l e  c o r re c t io n  procedure w i l l  be necessary.
F o r  in  v i v o  c e re b ra l  blood volume measurements, Phelps, Grubb and 
T e r -P o g o s s ia n  (1973) claimed th a t  the k o t io d in e  count ra te  could  be 
c o rre c te d  f o r  a tte n u a tio n  by n o rm a liz in g  the measured ra te  to th a t  observed 
f o r  a narrow energy re g io n  between the k<* and x - r a y  e n e rg ie s .  I t  was 
claimed th a t t h i s  procedure would c o r re c t  f o r  changes i n  the outp ut of 
the x - r a y  tube and f o r  changes i n  t h e , a bs o rp tio n  p ro p e rt ie s  of t is s u e s  
su rrounding the s e n s i t iv e  volume. I t  i s  d i f f i c u l t  to comprehend how t h is  
procedure w i l l  c o r re c t  com plete ly  f o r  a tte n u a tio n  of in c id e n t  photons.
For example, i f  the in c id e n t  beam undergoes considerable  s c a t t e r in g ,  the 
number of k *  x -r a y s  e xcite d  w i l l  be reduced w hile  the s c a tte re d  component
observed i n  the d e te c to r  may be in c re a s e d . The proposed procedure can 
be v a l i d  o n ly  i f  photons observed in  the narrow energy re g io n  correspond 
to s i n g ly  s c a tte re d  events a r i s i n g  from the s e n s i t iv e  volume.
Kaufman, Shames and Powell (1973) c o rre c te d  f o r  a tte n u a tio n  by 
comparing the i n t e n s i t i e s  of e x c ite d  ko< and kjj x - r a y s  and e x p l o i t i n g  
the f a c t  th a t  the energy d if fe re n c e  between the two x - r a y  groups would 
lead to d if fe re n c e s  i n  a b s o rp t io n . Again  t h i s  procedure w i l l  not account 
fo r  a tte n u a tio n  of the i n c id e n t  beam. A ls o  the accuracy of the method is  
l im it e d  by the s t a t i s t i c a l  u n c e r t a in t i e s  a ssociated  w ith  the measurement 
of kp x - r a y  i n t e n s i t i e s .
The method f o r  c o r r e c t io n  of a tte n u a tio n  in  the lung d e n s ity  system 
could be a p p lie d  to  x - r a y  f lu o resc e n ce  procedures (Olkkonen e t  a l ,  197 9). 
Two fluorescence  measurements would be re q u ire d  and the secondary source 
would have to emit io d in e  x - r a y s .  W ith  such an arrangement there  i s  a 
p o t e n t ia l  to  combine i n  a s in g le  system the measurement of d e n s ity  (u s in g  
103 keV photons) and f r a c t io n a l  blood volume (u s in g  41.5  keV p h o to n s ).
With the n o ta t io n  of f ig u r e  4 .3  sources S l  and S3 would be u n f i l t e r e d  
^53Sm sources; D l  and D3 would be HPGe d e te c to rs  w h ile  D2 would remain 
a N a l ( T l )  d e t e c t o r .  Source S2 which would have to emit photons at 28.5 
and 85.9 keV would be produced by combining ^ ^ 5 j  an(j 1 7 0 ^  i nto a s in g le  
s o u rc e .
7 . 5 .4  D is c u s s io n
Other fa c to rs  as w e l l  as ta rg e t  element s e le c t io n  and a tte n u a tio n  
c o r r e c t io n  have to be considered in  t h e  design of a c l i n i c a l  system.
Once the atomic number of the ta r g e t  is  known the source e x c i t a t i o n  energy 
should be chosen. The energy of i n c id e n t  photons must be g re a te r  than
but c lose  to  the a b s o rp tio n  edge energy of the ta rg e t  element so th a t  
the p r o b a b i l i t y  of p h o t o e le c t r ic  i n t e r a c t io n s  i s  h ig h .  A lso  of concern 
in  the source s e le c t io n  process i s  the energy of Compton sc a tte re d  photons. 
F o r t u i t o u s l y ,  the incoh erent s c a tte r  cross s e c tio n  is  a minimum at the 
optimum angle (90°) between in c id e n t  and x - r a y  beams. N e v e rth e le s s , i t  
i s  p o s s ib le  tha t c h a r a c t e r i s t i c  x -r a y s  co u ld  be masked by an intense  
s ca tte re d  spectrum. Fo r  example, 90° s c a t t e r in g  of 88.0 keV in c id e n t  
photons (th e  a b s o rp tio n  edge energy f o r  lead) would y i e l d  photons of
75.1 keV. The lead x - r a y  energy is  75.0  keV. T h is  e f f e c t  i s  not 
so im portant f o r  ta rg e t  elements of lower atomic number. Fo r  iod ine  the 
a b s o rp tio n  edge energy i s  3 3 .2  keV and the 90° s c a tte r  energy i s  3 1.2  keV.
The io d in e  k<xi x - r a y  energy i s  28.6 keV. The lack of s u it a b le  long l i v e d  
ra d io is o to p e  sources may d ic t a t e  the p ro d u c tio n  of an in c id e n t  beam by 
secondary ta rg e t  e x c i t a t i o n  us in g  a d ia g n o s t ic  x - r a y  tube (Vyborny e t  a l ,
1 97 7).
The major requirem ent of a d e te c to r  f o r  t h is  a p p l ic a t io n  must be 
th a t the energy r e s o lu t io n  i s  s u f f i c i e n t  to d is t in g u is h  k<s x -r a y s  from 
the in e v i t a b le  intense s c a tte r  background. I t  may be th a t  a S i ( L i )  
d e te c to r  w i l l  be p re fe ra b le  p ro vided  th a t  i t s  e f f ic i e n c y  f o r  c h a r a c t e r i s t i c  
x - r a y  d e te c tio n  i s  equal to th a t  of a HPGe d e te cto r  w hile  at the h ig h e r  
ene rg ie s of sca tte re d  photons the e f f i c i e n c y  w i l l  be le s s .  T h i s  could 
reduce dead time problems.
The next stage must be to determine the mass of caesium which can 
be introdu ce d in t o  a give n  volume (c: 10 m l)  of red c e l l s .  T h is  w i l l  
determine the c o n c e n tra t io n  of caesium which can be obtained in  the 
v a s c u la r  compartment. I t  w i l l  be necessary to demonstrate th a t the
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la b e l le d  c e l l s  remain i n t r a v a s c u la r  f o r  a time i n t e r v a l  d u r in g  which
the count ra te  f o r  caesium k<* x -r a y s  can be measured w ith  acceptable
p r e c is io n .  Since the k s h e l l  b in d in g  energy of caesium i s  3 6 .0  keV,
p o s s ib le  r a d io a c t iv e  sources f o r  e x c i t a t i o n  would be ^lOp^ ( 45,5  keV)
or ^ ^ A m  (5 9 .5  k e V ) , w hile  f o r  the combined d e n s ity  and b lood volume 
153measurement, Gd may be the id e a l  sou rce .
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8 . 1  The P o t e n t i a l  C l i n i c a l  C o n t r i b u t i o n  o f  t h e  Lung D e n s i t o m e t e r
T e c h n iq u e s  f o r  th e  d i a g n o s i s  o f  d i s e a s e  do n o t  n e c e s s a r i l y  s h a re  
th e  same a t t r i b u t e s  as t e c h n iq u e s  f o r  t h e  a s s e s s m e n t  o f  t r e a t m e n t  m o d a l i t i e s  
D i a g n o s t i c  d i lem m as  can  be r e s o l v e d  by th e  a p p l i c a t i o n  o f  t e s t s  w h ic h  
p ro d u c e  a c c u r a t e  r e s u l t s  and w h ic h  a l l o w  t h e  a l l o c a t i o n  o f  a s u b j e c t  t o  
e i t h e r  a n o rm a l  o r  an a b n o rm a l  p o p u l a t i o n .  On th e  o t h e r  hand  th e  e f f i c a c y  
o f  a p a r t i c u l a r  t r e a t m e n t  r e g im e  can  be a s s e s s e d  w i t h  a t e s t  w h ic h  y i e l d s  
p r e c i s e ,  a l t h o u g h  n o t  n e c e s s a r i l y  a c c u r a t e ,  r e s u l t s .  I t  goes w i t h o u t  
s a y in g  t h a t  a l l  t e s t s  s h o u ld  be s i m p l e ,  in e x p e n s i v e  a n d ,  p r e f e r a b l y ,  
non i n v a s i v e .
The lu n g  d e n s i t o m e t e r  p ro d u c e s  r e s u l t s  w h ic h  a r e  a c c u r a t e  and p r e c i s e  
a n d , p r o v i d e d  r e a d y  a c c e s s  t o  a n u c l e a r  r e a c t o r  i s  a v a i l a b l e ,  t h e  t e s t  
i s  r e l a t i v e l y  s im p le  and in e x p e n s i v e  t o  p e r f o r m .  H o w ever i t  i s  p o i n t l e s s  
t o  make m ea su re m e n ts  o f  g r e a t  a c c u r a c y  and p r e c i s i o n  i f  t h e  v a l u e  o f  th e  
p a r a m e t e r  m easu red  b e a r s  no r e l a t i o n  e i t h e r  t o  th e  p r e s e n c e  o r  a b sen ce  
o f  d i s e a s e  o r  t o  i t s  p r o g r e s s i o n  o r  r e c e s s i o n .  I n  t h e  n e x t  fe w  p a r a g r a p h s  
an a t t e m p t  i s  made t o  a s s e s s  t h e  c l i n i c a l  v a l u e  o f  lu n g  d e n s i t y  m ea su re m e n ts  
The a s s e s s m e n t  i s  b ased  on a c c e p t e d  v a l u e s  o f  th e  v o lu m e s  o f  t h e  v a r i o u s  
l i q u i d  and a i r  c o m p a r tm e n ts  o f  n o r m a l  and d is e a s e d  l u n g s .
I f  i t  i s  assumed t h a t  a i r ,  w a t e r  and b lo o d  a re  e v e n l y  d i s t r i b u t e d  
t h r o u g h o u t  t h e  lu n g  th e n  d e n s i t y  i s  e q u a l  t o  lu n g  t i s s u e  mass d i v i d e d  
by lu n g  t i s s u e  v o lu m e .  S ta u b  ( 1 9 7 4 )  s t a t e s  t h a t  f o r  a n o rm a l  a d u l t  o f  
7 0  k g  body w e ig h t  and s u r f a c e  a r e a  1 . 7  m ft  th e  t o t a l  w e t  w e ig h t  o f  th e  
lu n g s  i s  977 g .  ICRP ( 1 9 7 5 )  l i s t s  mean v a l u e s  f o r  a d u l t s  o f  1169  g f o r  
m a le s  and 8 8 6  g f o r  f e m a l e s .  F o r  o u r  p u r p o s e s ,  a n o rm a l  i n  v i v o  lu n g  
w e ig h t  o f  1 0 1 0  g w i l l  be assum ed.
Lung f l u i d  i s  d i s t r i b u t e d  b e tw e e n  th e  v a s c u l a r ,  i n t e r s t i t i a l  and  
i n t r a c e l l u l a r  c o m p a r tm e n ts .  P u b l i s h e d  v a l u e s  f o r  t h e  v o lu m e  o f  b lo o d  
w i t h i n  th e  lu n g  ra n g e  f ro m  500  t o  6 0 0  m l ( S t a u b ,  1 9 7 4 ;  XCRP, 1 9 7 5 ;
F is h m a n ,  1 9 7 6 )  w h i l e  t h e  v o lu m e  o f  t h e  i n t e r s t i t i a l  c o m p a r tm e n t  r e p o r t e d l y  
r a n g e s  f ro m  3 0 0  t o  3 83  m l (Gumb e t  a l ,  1 9 7 1 ;  S t a u b ,  1 9 7 4 ;  F is h m a n ,  1 9 7 6 ) .  
Thus t h e  n o r m a l  f r a c t i o n a l  d i s t r i b u t i o n  o f  lu n g  w a t e r  b e tw e e n  th e  i n t r a -  
v a s c u l a r ,  i n t e r s t i t i a l  and i n t r a c e l l u l a r  c o m p a r tm e n ts  i s  a b o u t  0 . 5 0 : 0 . 3 5 : 0 .
F u n c t i o n a l  r e s i d u a l  c a p a c i t y  (FRC) i n  n o r m a l  s u b j e c t s  depends  on 
h e i g h t ,  w e i g h t ,  age and s e x .  The mean v a l u e  f o r  152 m a le s  was 3 . 3  1 w i t h  
a s t a n d a r d  d e v i a t i o n  o f  0 . 6 6  1 (G r im b y  and S o d e rh o lm ,  1 9 6 3 ) .  F o r  58  
f e m a le s  t h e  mean was 2 . 2  1 and t h e  s t a n d a r d  d e v i a t i o n  0 . 5 1  1 .  Assum ing  
a t y p i c a l  v a l u e  o f  2 . 7 5  1 ,  n o r m a l  lu n g  d e n s i t y  a t  FRC w o u ld  be  
1 0 1 0 / ( 1 0 1 0  +  2 7 5 0 )  o r  0 . 2 7  g .c m ’ 3 . T h i s  i s  c o m p a t i b l e  w i t h  t h e  i n  v i v o  
d a t a  p r e s e n t e d  i n  C h a p t e r  5 .
C l i n i c a l  s ig n s  and symptoms o f  p u lm o n a ry  oedema a r e  a p p a r e n t  o n l y  
a f t e r  t h e  i n t e r s t i t i a l  f l u i d  v o lu m e  h as  i n c r e a s e d  t o  a b o u t  1 6 0 0  m l  
(F is h m a n ,  1 9 7 6 )  . A t  t h i s  s t a g e  and a s s u m in g  no chan ge  h as  t a k e n  p l a c e  
i n  e i t h e r  FRC o r  i n  t h e  v o lu m e  o f  th e  o t h e r  f l u i d  c o m p a r tm e n ts ,  d e n s i t y  
w i l l  be 0 . 4 5  g .cm  . To be o f  d i a g n o s t i c  v a l u e  t o  th e  a s t u t e  c l i n i c i a n ,  
th e  lu n g  d e n s i t o m e t e r  m u st  be a b l e  t o  d i s t i n g u i s h  b e tw e e n  n o r m a l  and
_3
a b n o rm a l  a t  d e n s i t i e s  b e lo w  0 . 4 5  g .cm  .
The v a r i a n c e  i n  lu n g  d e n s i t y  f o r  a n o r m a l  p o p u l a t i o n  w i l l  i n c l u d e  
com p onents  due t o  n o rm a l  v a r i a t i o n s  i n  th e  f r a c t i o n a l  c o n t e n t  o f  b o t h  
a i r  and l i q u i d .  I f  m e a su re m e n ts  a r e  made a t  FRC th e n  d e n s i t y  d i f f e r e n c e s  
due s o l e l y  t o  th e  n o rm a l  v a r i a t i o n  o f  FRC c an  be p r e d i c t e d  f ro m  t h e  f i g u r e s  
g i v e n  a b o v e .  I f  i t  i s  assumed t h a t  t h e  n o r m a l  ra n g e  f o r  FRC i s  e q u a l  t o  
t w i c e  t h e  s t a n d a r d  d e v i a t i o n ,  d e n s i t y  i n  n o r m a l  s u b j e c t s  w i l l  r a n g e  f ro m
0 . 2 3  t o  0 , 3 2  g .c m - 3 . I n  s u b j e c t s  w i t h  c l i n i c a l l y  d e t e c t a b l e  p u lm o n a ry
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oedema, th e  r a n g e  w i l l  be 0 . 4 0  t o  0 . 5 1  g .cm  . Once n o r m a l  v a r i a t i o n s  
i n  lu n g  l i q u i d  v o lu m es  a re  i n c l u d e d  t o g e t h e r  w i t h  th e  s t a t i s t i c a l  e r r o r s  
a s s o c i a t e d  w i t h  a d e n s i t y  m e a s u re m e n t ,  t h e s e  two ra n g e s  w i l l  p r o b a b l y  
o v e r l a p .
I t  may be p o s s i b l e  e v e n t u a l l y  t o  r e l a t e  a m easu red  d e n s i t y  t o  an 
e x p e c t e d  d e n s i t y  b a se d  on t h e  v a l u e s  o f  v a r i o u s  p r e d i c t i v e  p a r a m e t e r s .
F o r  e x a m p le ,  th e  com ponent o f  th e  p o p u l a t i o n  v a r i a n c e  i n  d e n s i t y  w h ic h  
can  be a t t r i b u t e d  t o  v a r i a t i o n s  i n  FRC c o u ld  be r e d u c e d  by  e x p r e s s i n g  
FRC as a f r a c t i o n  o f  t o t a l  l u n g  c a p a c i t y  ( T L C ) . Needham e t  a l  ( 1 9 5 4 )  
showed t h a t  t h e  s t a n d a r d  d e v i a t i o n  f o r  FRC m ea su re d  i n  102 a d u l t  m a le s  
was 207o o f  t h e  mean w h e re a s  t h a t  f o r  FR C/TLC was 13%. S i m i l a r  r e s u l t s  
w e re  o b t a i n e d  i n  f e m a le  s u b j e c t s .  How ever i t  i s  t h o u g h t  t h a t  i s o l a t e d  
m ea su re m e n ts  o f  lu n g  d e n s i t y  w i l l  be o f  l i t t l e  d i a g n o s t i c  v a l u e .
The m a jo r  use o f  t h i s  t e c h n iq u e  w i l l  be t h e  d e t e c t i o n  o f  s m a l l  
t e m p o r a l  ch an g es  i n  d e n s i t y .  F o r  a g i v e n  s u b j e c t ,  FRC e x p r e s s e d  as a 
f r a c t i o n  o f  TLC i s  c o n s t a n t  w i t h  t im e  (Needham e t  a l ,  1 9 5 4 ) .  Thus  
s e q u e n t i a l  ch an g es  i n  d e n s i t y  w i l l  a c c u r a t e l y  r e f l e c t  chan g es  i n  lu n g  
l i q u i d  c o n t e n t .  As an exa m p le  o f  t h i s  a p p l i c a t i o n  th e  d e n s i t o m e t e r  has  
b een  u sed  t o  d e t e c t  t h e  p r e s e n c e  o f  s u b c l i n i c a l  p u lm o n a ry  oedema f o l l o w i n  
r a p i d  a s c e n t  t o  h i g h  a l t i t u d e  ( C o a t e s  e t  a l ,  1 9 7 9 ) .  I t  w o u ld  seem t h a t  
f o r  optim um  d i a g n o s t i c  u se  th e  lu n g  d e n s i t o m e t e r  s h o u ld  be l o c a t e d  i n  
a c a r d i o r e s p i r a t o r y  u n i t  w h e re  m e a s u re m e n ts  o f  FRC and TLC a r e  made 
r o u t i n e l y .
8 . 2  Lung D e n s i t o m e t e r  Im p ro v e m e n ts
E x p e r i e n c e  o f  in_ v i v o  d e n s i t y  m e a s u re m e n ts  t o  d a t e  h a v e  i n d i c a t e d  
t h a t  some u s e f u l  im p ro v e m e n ts  c o u ld  be made t o  th e  d e n s i t o m e t e r .  An  
a b i l i t y  t o  move th e  s o u rc e  a n d ,  p a r t i c u l a r l y ,  th e  d e t e c t o r  c a s t l e s  t o  
r e s t  a g a i n s t  t h e  s k i n  o f  th e  s u b j e c t  w o u ld  n o t  o n l y  i n c r e a s e  c o u n t  r a t e s  
b u t  w o u ld  a l s o  a i d  th e  s u b j e c t  t o  m a i n t a i n  a f i x e d  p o s i t i o n .  C o u n t  
r a t e s  w o u ld  in c r e a s e  b y  a f a c t o r  o f  up t o  4 t im e s  th e  p r e s e n t  r a t e s .
Such a f e a t u r e  w o u ld  r e q u i r e  a t  l e a s t  two s e t s  o f  c o l l i m a t o r s  t o  be 
a v a i l a b l e  so t h a t  a p p r o p r i a t e  s c a t t e r i n g  vo lu m es  c o u ld  be d e f i n e d  f o r  
s u b j e c t s  o f  d i f f e r e n t  s i z e .
A f u r t h e r  im p ro v e m e n t  i n  s t a t i s t i c a l  a c c u r a c y  c o u ld  be a c h i e v e d  by  
u t i l i z i n g  t o  th e  f u l l  d e t e c t o r s  D l  and  D3 d u r i n g  th e  m ea su re m e n t  o f  
e ac h  s c a t t e r e d  c o u n t  r a t e .  T h i s  w o u ld  r e q u i r e  m ea su re m e n ts  t o  be made 
i n  th e  t h r e e  p o s i t i o n s  i l l u s t r a t e d  i n  f i g u r e  8 . 1 .
The s h o r t  h a l f  l i f e  o f  ^5 3 Sm i s  i n c o n v e n i e n t .  N o t  o n l y  i s  th e  w e e k ly  
p r o d u c t i o n  o f  and e x p o s u re  t o  h i g h  a c t i v i t y  s o u rc e s  u n d e s i r a b l e  b u t  
c a l i b r a t i o n  f a c t o r s  and b a c k g ro u n d  c o u n t  r a t e s  change  c o n s i d e r a b l y  d u r i n g  
a m ea su re m e n t d a y .  E f f o r t s  m u st be e xp e n d ed  on t h e  d e v e lo p m e n t  o f  a
*1 CQ
t e c h n iq u e  f o r  th e  s a f e  s e p a r a t i o n  o f  l a r g e  a c t i v i t i e s  o f  Gd f ro m  e ve n  
l a r g e r  a c t i v i t i e s  o f  ^ 3 2 E u . ^5 3 Gd w o u ld  a l l o w  lo n g  te rm  c a l i b r a t i o n  and  
v a l u e s  f o r  b a c k g ro u n d  and s t a n d a r d  c o u n t  r a t e s  w o u ld  be f i x e d .  T h i s  
w o u ld  s i m p l i f y  th e  i n c l u s i o n  o f  a m ic r o p r o c e s s o r  i n t o  th e  d e n s i t o m e t e r  
t o  a l l o w  o n - l i n e  d i s p l a y  o f  m ea su re d  d e n s i t y .
8 . 3  F u t u r e  D i r e c t i o n s
The c as c ad e  and f l u o r e s c e n t  t e c h n iq u e s  b o t h  show p r o m is e  as m ethod s  
f o r  th e  m easu rem en t o f  f r a c t i o n a l  b lo o d  v o lu m e .  A t  M c M a s te r  U n i v e r s i t y ,
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1 .  M easurem en t p o s i t i o n s  f o r  im p ro ved  u t i l i z a t i o n  o f  s c a t t e r e d  
p h o to n s .
th e  f l u o r e s c e n t  m ethod  i s  th e  m ost l i k e l y  t o  be d e v e lo p e d  f u r t h e r  b eca u s e  
no a d d i t i o n a l  e q u ip m e n t  i s  r e q u i r e d .  H o w ever th e  c a s c a d e  m eth o d  has  t h e  
c o n s i d e r a b l e  a d v a n ta g e  t h a t  i n j e c t i o n s  o f  l a r g e  q u a n t i t i e s  o f  a t a r g e t  
e le m e n t  a r e  n o t  r e q u i r e d .
The u l t i m a t e  m ethod  f o r  th e  d i a g n o s i s  o f  d i s o r d e r s  o f  lu n g  l i q u i d  
d i s t r i b u t i o n  may be to  m ea su re  s i m u l t a n e o u s l y ,  th e  f r a c t i o n a l  c o n t e n t  
o f  a i r ,  b lo o d  and e x t r a c e l l u l a r  f l u i d .  T h i s  m ig h t  be p o s s i b l e  i f  th e  
t h r e e  c o m p a r tm e n ts  w e re  l a b e l l e d  w i t h  s t a b l e  x e n o n , c a e s iu m  and  i o d i n e  
r e s p e c t i v e l y .  The f r a c t i o n a l  c o n t e n t  o f  e a c h  t r a c e r  i n  lu n g  t i s s u e  c o u ld  
t h e n  be m ea su re d  by  f l u o r e s c e n c e  e x c i t a t i o n .  W i t h  th e  HPGe d e t e c t o r  
i t  w o u ld  be n e c e s s a r y  t o  m ea su re  xen o n  f i r s t  (k^ -j  x - r a y  2 9 . 8  k e V ) . T h i s  
w o u ld  be f o l l o w e d  by  s im u l t a n e o u s  e x c i t a t i o n  o f  i o d i n e  ( 2 8 . 6  k e V )  and  
c a e s iu m  ( 3 1 . 0  k e V ) .
I t  was c o n c lu d e d  f ro m  th e  p h y s i o l o g i c a l  r e v i e w  o f  C h a p t e r  1 t h a t  
c a p i l l a r y  p e r m e a b i l i t y  i s  p r o b a b l y  t h e  f i r s t  f a c t o r  t o  c h an g e  i n  th e  
seq u en ce  o f  oedema f o r m a t i o n .  Thus t h e  p o s s i b i l i t y  o f  m e a s u r in g  lu n g  
v e s s e l  p e r m e a b i l i t y  and i t s  u s e  as an i n d i c a t o r  o f  a b n o rm a l  p u lm o n a ry  
f l u i d  m e t a b o l i s m  n eed s  t o  be e x a m in e d .  I t  i s  c o n c e i v a b l e  t h a t  e i t h e r  
c a s c a d e  d e t e c t i o n  o r  f lu o r e s c e n c e  e x c i t a t i o n  m ig h t  p e r m i t  th e  m ea su re m e n t  
o f  p u lm o n a r y  v a s c u l a r  p e r m e a b i l i t y  f ro m  m ea su re m e n ts  o f  t h e  r a t e  o f  l o s s  
o f  a s u i t a b l e  v a s c u l a r  m a r k e r .  Such a t e c h n iq u e  w i l l  r e q u i r e  a t r a c e r  
w h ic h  i s  rem oved  r a p i d l y  f r o m  t h e  i n t e r s t i t i a l  c o m p a rtm e n t  and i s  n o t
r e t u r n e d  t o  b l o o d .  A l t e r n a t i v e l y ,  th e  t r a c e r ,  h a v i n g  once c r o s s e d  a 
b l o o d  v e s s e l ,  c o u ld  r e m a in  i n  t h e  i n t e r s t i t i a l  space so t h a t  i t s  r a t e  
o f  e x t r a v a s c u l a r  a c c u m u l a t i o n  w o u ld  r e f l e c t  p e r m e a b i l i t y .
I
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( T h i s  a n a l y s i s  i s  due t o  D r .  T . J .  K e n n e t t  and i s  r e p r o d u c e d  h e r e  f o r  
c o m p le t e n e s s . )
I f ,  as  shown i n  f i g u r e  A l . l ,  an  o b j e c t  o f  s q u a re  c r o s s  s e c t i o n  and  
o f  s id e  l e n g t h  2 a i s  i r r a d i a t e d  w i t h  a p h o to n  beam w h ic h  i s  a l s o  o f  
s q u a re  c r o s s  s e c t i o n  and i s  o f  s id e  l e n g t h  2 w, th e n  th e  mean f r a c t i o n a l  
a t t e n u a t i o n  o f  th e  i n c i d e n t  beam w i t h i n  th e  s e n s i t i v e  v o lu m e  i s  
a+w
e ^  dx  = e s in h  p ^ w  A l . l
a -w  / f y w
w here  i s t h e  l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  f o r  t h e  i n c i d e n t  beam.
S i m i l a r l y  th e  mean f r a c t i o n a l  a t t e n u a t i o n  o f  th e  s c a t t e r e d  beam f ro m
w i t h i n  t h e  s e n s i t i v e  vo lu m e  i s  e P 2 a  s in h  p 2 ^  w b ere  i s t h e  l i n e a r
p 2  w
a t t e n u a t i o n  c o e f f i c i e n t  o f  t h e  s c a t t e r e d  beam. The s c a t t e r e d  c o u n t  
r a t e ,  S , i s  g iv e n  by  th e  e x p r e s s i o n
S = C p e  ■"(/1 l"ty1 2) a g in h  s in h  p . 2 w  A 1 . 2
7 i w
w here  i s  t h e  d e n s i t y  o f  th e  o b j e c t  and C i s  a c o n s t a n t .  The i n f l u e n c e  
o f  th e  f i n a l  two te rm s  i n  e q u a t i o n  A 1 . 2  can  be seen  f ro m  t h e  f o l l o w i n g  
e x p a n s io n .
s in h  P l w  __ i  /  / l W
+ i «  i f y  v
(1  +  /J jW  +  (/JjW) +  (jfcjW) +  . , . )
~ T \  3'.
-  ( 1  -  p !  w +  ( / i j w )  2  -  ( p  jw ) 3  +  . . . )
~  V:
** 1 +  ( /J l  w) 2  +  ( f n w ) 4  +  ...........  A 1 > 3
3'. 5 ’.
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The I n f l u e n c e  o f  F i n i t e  G e o m e t r y  i n  t h e  Lung  D e n s i t o m e t e r
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FIGURE A l ■1. S i m p l i f i e d  m odel f o r  e v a l u a t i o n  o f  f i n i t e  g e o m e try .
F o r  i n f i n i t e s i m a l  p h o to n  beams w h e re  wc; 0 ,  e x p r e s s i o n  A l . 3  t e n d s  t o  
u n i t y  and e q u a t i o n  A 1 .2  r e d u c e s  t o
S =  C f  e - < £ m ) a  A l .4
I n  t h i s  c ase  th e  two m ea su re d  s c a t t e r e d  r a t e s ,  and S2 , and th e  two  
m ea su re d  t r a n s m i t t e d  r a t e s ,  T j  and T 2 > y i e l d  th e  e x p r e s s i o n
M i  -  kp2 a i .5
T1T2 ^
w h ere  k  i s  t h e  s y s te m  c a l i b r a t i o n  c o n s t a n t .  E q u a t io n  A 1 .5  i s  e q u i v a l e n t  
t o  t h e  o p e r a t i o n a l  e q u a t i o n  ( e q u a t i o n  2 . 2 6 )  f o r  th e  d e n s i t o m e t e r .
F o r  f i n i t e  p h o to n  beams s c a t t e r e d  c o u n t  r a t e s  a r e  f a l s e l y  h i g h  
s in c e  t h e  e x p o n e n t i a l  t e rm  o f  e q u a t i o n  A 1 . 2  i s  m o d i f i e d  by a f a c t o r
w h i c h ,  as  can  be s e e n  f ro m  e x p r e s s i o n  A l . 3 ,  i s  g r e a t e r  t h a n  u n i t y .  I n
t h i s  c a s e ,  e q u a t i o n  A 1 .5  becomes
( S1S2 
+ 2 ,
V + 2  f l2  1 .  l f - 2  A l  . 6
fa  1^2/  sinh^ijw  sinh^i2w 
and f o r  sam ple  d e n s i t y  m e a su re m e n ts
ke
/s is 2\ f e l T j j  + + 2 ) s  ( s l n h Q w  8 l n h 5 » 2 g ) e  _  t p\  2 A 1 ?
fa z jJ F H J F iR f( s in h ^ w  s in h ^ w )  g (
w h ere  t h e  s u b s c r i p t s  s and c r e f e r  t o  th e  sam ple  and th e  c a l i b r a t i o n  
s t a n d a r d  r e s p e c t i v e l y .  I f  th e  c a l i b r a t i o n  s t a n d a r d  i s  w a t e r  e q u a t i o n  
A 1 .7  can  be r e w r i t t e n
p  t r u e  = p a p p  +  i ) * 2 ) s  ( s i n h  p ^  s in h  p 2 ^ c  A 1 . 8
( / i l ^ 2 ) c <s in h  / l w s i n h  / 2 W+  
w h ere  p  t r u e  and p a p p  a r e  th e  r e a l  and m ea su re d  d e n s i t i e s .  E q u a t i o n  
A 1 . 8  was e v a l u a t e d  f o r  v a r i o u s  beam w i d t h s  u s in g  a t t e n u a t i o n  c o e f f i c i e n t s
2 4 0
t a b u l a t e d  by Kim ( 1 9 7 4 )  and a s s u m in g  t h a t  lu n g  d e n s i t y  i s  0 . 3  g .e m " 3 . 
The r e s u l t s  a r e  shown i n  f i g u r e  A 1 . 2 .  F o r  th e  c l i n i c a l  s ys tem  t h e  beam  
d i a m e t e r  i s  a b o u t  5 cm and th e  a s s o c i a t e d  e r r o r  due t o  f i n i t e  g e o m e try  
i s  s m a l l  (S i 3 % ) .
2 4 1
FIGURE A 1 . 2 .  R e l a t i o n  b e tw e en  th e  r a t i o  o f  a p p a r e n t  t o  t r u e  d e n s i t y  
and th e  d i a m e t e r  o f  th e  p h o to n  beams.
APPENDIX 2
Programme f o r  C a l c u l a t i o n  o f  th e  E n e rg y  H i s t o g r a m  f o r  D o u b ly  S c a t t e r e d  
P h o t o n s .
The two s c a t t e r i n g  i n t e r a c t i o n s  o f  e a c h  p h o to n  a r e  c o n s id e r e d  to  
t a k e  p l a c e  a c c o r d in g  t o  one o f  t h e  f o u r  schemes p r e s e n t e d  i n  f i g u r e  
A 2 . 1 .  The i n c i d e n t  p h o to n  e n e r g y  i s  E O . The p a t h  l e n g t h  w i t h i n  th e  
s la b  b e f o r e  th e  f i r s t  s c a t t e r i n g  i n t e r a c t i o n  i s  X I .  A f t e r  s c a t t e r i n g  
t h r o u g h  an a n g le  A ,  th e  e n e r g y  o f  th e  p h o to n  i s  E l  and  th e  p a t h  l e n g t h  
b e tw e e n  t h e  two s c a t t e r i n g  e v e n t s  i s  X 2 . The second  s c a t t e r i n g  a n g le  i s  
B and X3 i s  t h e  p a t h  l e n g t h  w i t h i n  t h e  o b j e c t  f o r  t h e  e m e rg e n t  p h o to n .
The f i n a l  e n e r g y  o f  th e  p h o to n  i s  E 2 .  v
The programme c a l c u l a t e s  f o r  e a c h  e m e rg e n t  p h o to n  a f a c t o r  F ,  th e
m a g n i tu d e  o f  w h ic h  r e f l e c t s  t h e  f r a c t i o n a l  a t t e n u a t i o n  a lo n g  t h e  p a t h
X I  +  X2 +  X3 and th e  K l e i n - N i s h i n a  c r o s s  s e c t i o n s  f o r  s c a t t e r i n g  o f  a
p h o to n  o f  e n e r g y  EO t h r o u g h  an a n g l e  A and a p h o to n  o f  e n e r g y  E l  th r o u g h
an a n g le  B. F i s  z e r o  f o r  p h o to n  p a t h s  w h ic h  a r e  n o t  a l l o w e d .  Such
p a t h s  a r e  th o s e  w h ere  th e  p h o to n  l e a v e s  th e  o b j e c t  b e f o r e  i t  c a n  u n d e rg o
th e  second  i n t e r a c t i o n .  R e s u l t s  a r e  p r e s e n t e d  as a h i s t o g r a m ,  Z ( 2 0 ) , i n
w h ic h  a r e  l i s t e d  th e  sums o f  F v a l u e s  c o r r e s p o n d i n g  t o  th o s e  p h o to n s
w h ic h  f a l l  w i t h i n  e a c h  2 k eV  i n t e r v a l  t h r o u g h o u t  th e  s p e c t r u m  o f  e n e r g i e s
o f  e m e rg e n t  p h o to n s .  The program m e c a l c u l a t e s  a v a l u e  o f  F f o r  e a c h  2 °
o o
i n c r e m e n t  f o r  th e  r a n g e  - 1 8 0 < A < 1 7 8  .
The program me i s  l i s t e d  a t  t h e  end o f  t h i s  a p p e n d i x .  The d e n s i t y  
o f  th e  o b j e c t  e xa m in e d  i s  r e q u e s t e d  ( l i n e  0 2 0 ) .  The o b j e c t  i s  assumed  
t o  be a cube o f  s id e  21 cm ( 0 4 0 )  and th e  i n c i d e n t  p h o to n  e n e r g y  i s  s e t  
e q u a l  t o  1 0 3 . 2  keV ( 0 5 0 ) .  The l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  f o r  th e  
p a t h  X I  i s  c a l c u l a t e d  f ro m  t h e  e m p i r i c a l  r e l a t i o n  d e r i v e d  f ro m  f i g u r e
2 4 3
FIGURE A 2 . 1 .  The d o u b le  s c a t t e r i n g  schemes c o n s id e r e d  i n  th e  c a l c u l a t i o n  
o f  e n e rg y  h i s t o g r a m s .
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3 . 2 0  ( 0 7 0 ) ,  F rom  l i n e s  0 80  t o  3 8 0  th e  v a l u e s  o f  X I ,  X2 and X3 a r e  
c a l c u l a t e d  f o r  t h e  scheme s e l e c t e d  b y  t h e  a p p r o p r i a t e  v a l u e  o f  A .  
I n i t i a l l y  ( 1 3 0 )  X I  i s  g i v e n  by  th e  e x p r e s s i o n  ( e q u a t i o n  3 . 1 5 )
X I  = l o g e (  2  ^ ^  A 2 .1
M l e I e - M l . D  +  e - 2 . M l . D
T h i s  e x p r e s s i o n  a p p l i e s  t o  schemes ( b )  and (d )  f ro m  w h ic h  an  e x p r e s s io n
f o r  X2 c an  be d e r i v e d .  T h i s  i s  ( 1 4 0 )
X2 *  X I  -  D A 2 .2
cos(7T -  A)
F o r  t h e  r e g i o n  o f  A g i v e n  by - 1 8 0 * < A < - 9 2 o ( 1 6 0 )  an e x p r e s s i o n  f o r  X3 
can  be o b t a i n e d  f ro m  f i g u r e  A 2 . 1 ( d )  and  i s  g i v e n  i n  l i n e  1 8 0 ;  t h a t  i s  
X3 = D +  ( X I  -  D )  t a n  (7V -  A) A 2 .3
The c o n d i t i o n  t h a t  X3 c a n n o t  be l a r g e r  t h a n  t h e  o b j e c t  ( 2 0 0 )  d e t e r m i n e s  
i f  t h i s  p h o to n  p a t h ,  X I  +  X2  +  X 3 ,  i s  o r  i s  n o t  a l l o w e d .  I f  i t  i s  n o t  
a l l o w e d ,  th e  programme p r o c e e d s  t o  th e  n e x t  v a l u e  o f  A w i t h o u t  c a l c u l a t i n g  
F ( 2 0 0 ) .  O t h e r w is e  th e  program me p r o c e e d s  t o  c a l c u l a t e  B , th e  second  
s c a t t e r i n g  a n g l e .  I f  A i s  w i t h i n  t h e  r a n g e  - 1 8 0 °  t o  - 9 0 °  ( 4 2 0 ) ,  B i s
g i v e n  by
B => +  A A 2 . 4
2
F o r  t h e  ra n g e  - 8 8 °< A <  1 7 8 ° ( 4 2 0 ) ,  B i s  g i v e n  by
B = J \ _  -  A A 2 .5
2
The programme th e n  p ro c e e d s  t o  c a l c u l a t e  v a l u e s  o f  E l  ( 4 8 0 )  and E2 ( 4 9 0 )
f o r  t h e  two s c a t t e r i n g  e v e n t s .  L i n e a r  a t t e n u a t i o n  c o e f f i c i e n t s ,  M2 and
M3, a r e  c a l c u l a t e d  ( 5 0 0  and 5 1 0 )  f o r  t h e  p a t h s  X2 and X3 and an a t t e n u a t i o n
f a c t o r ,  G, i s  d e r i v e d  f ro m  t h e  e x p r e s s i o n  ( 5 3 0 )  
c = e - M l . X l  e -M 2 .X 2  e -M 3 .X 3
2 4 - 5
The K l e i n - N i s h i n a  s c a t t e r i n g  p r o b a b i l i t i e s  f o r  e a c h  e v e n t  a r e  g i v e n  by  
t h e  e x p r e s s i o n  ( D a v is s o n  and E v a n s ,  1 9 5 2 )
w here  J  i s  th e  c r o s s  s e c t i o n  f o r  t h e  number o f  p h o to n s  s c a t t e r e d  th r o u g h  
th e  a n g le  0  by  an e l e c t r o n  i n t o  u n i t  s o l i d  a n g l e ,  r e i s  t h e  r a d i u s  o f  
a f r e e  e l e c t r o n  and E i s  t h e  p h o to n  e n e r g y .  A r e l a t i v e  c r o s s  s e c t i o n ,
J 3 ,  i s  c a l c u l a t e d  f o r  e a c h  p h o to n  ( 5 5 0 - 6 0 0 )  and F i s  s e t  e q u a l  t o  th e
p r o d u c t  o f  th e  a t t e n u a t i o n  and c r o s s  s e c t i o n  f a c t o r s  ( 6 2 0 ) .  F i s  a l l o c a t e d
t o  th e  a p p r o p r i a t e  2 k e V  e n e r g y  i n t e r v a l  o f  E2 i n  a s u b r o u t i n e  ( 7 2 0 - 7 9 0 ) .
The programme r e p e a t s  t h i s  c a l c u l a t i o n  f o r  th e  n e x t  v a l u e  o f  A ( 6 4 0 ) .
I n d i v i d u a l  v a l u e s  f o r  X2 and X3 a r e  o b t a i n e d  f ro m  e x p r e s s io n s  w h ic h  a r e  
d e r i v e d  f r o m  t h e  a p p r o p r i a t e  schemes o f  f i g u r e  A 2 . 1 .  The scheme w h ic h  
a p p l i e s  t o  a p a r t i c u l a r  v a l u e  o f  A i s  d e t e r m i n e d  by  th e  v a l u e  o f  X I  
s e l e c t e d  f ro m  e q u a t i o n  3 . 1 5  and th e  s i g n  o f  th e  a n g le  A w h ic h  i s  c o n s i d e r e d  
t o  be p o s i t i v e  f o r  schemes a and b and n e g a t i v e  f o r  schemes c and  d ,
© O
A f t e r  F has  b e en  e v a l u a t e d  f o r  e a c h  A w i t h i n  t h e  ra n g e  - 1 8 0  t o  + 1 7 8  
t h e  a c c u m u la te d  e n e r g y  h i s t o g r a m  i s  p r i n t e d  ( 6 6 0 - 6 9 0 ) .
E
1 +  cos 9 +  511 a -< = ° « 9 >
1  + J L  ( l - c o s Q )  
511
A 2 .6
2 ^ ^
L I S T
0 0 1 0  DIM ZE2Q3  
0 0 2 0  I NPU T ’• DE NS ITY  = \ R  
0 0 3 0  LET P = 3 . 1 4 1 5 9  
0 0 4 0  LET D = 1 0 . 5  
0 0 5 0  LET E 0 = 1 0 3 . 2
0.060 REM M1=ATTENUATI QN C O E F F I C I E N T  FOR I N C I D E N T  PHOTONS
0 0 7 0  LET M1 = R * . ? 1 1 * ( E 0 r - . 3 ? 3 5  -
0 0 8 0  REM THETA 1 RA'NGES FROM “ 180  TO + 1 7 8
0 0 9 0  FOR - A = - P  TO P - P / 9 0  STEP P / 9 0
OIOO REM I F  THETA 1 RANGES FROM - 9 0  TO + 9 0  I N C L U S I V E  GO TO 2 7 0  
0 1 1 0  I F  ABS( A ) - P/ 2 <  1 0 "  — 6 THEN- GOTO 0 2 7 0
0:120 REM I F  THETA 1 RANGES FROM - 1 8 0  TO - 9 2  I N C L U S I V E  QR FROM + 9 2  TO + 1 7 8  I N C L U S I V E  CONTINUE
0 1 3 0  LET X I = L O G ( 2 / ( E X P ( - H I * B ) + E X P ( - 2 * M 1* D ) ) ) / M1  
0 1 4 0  LET X 2 = ( X 1 - D ) / COS( P - A >
01.50 REM I F  THETA 1 RANGES FROM + 9 2  TO + 1 7 8  I N C L U S I V E  GQ TO 2 3 0
0 1 6 0  I F  ( A - P / 2 ) > 1 0 A- 6  THEN GOTO 0 2 3 0
. 0 1 7 0  REM I F  THETA 1 RANGES FROM - 1 8 0  TO - 9 2  I N C L U S I V E  CONTINUE
0 1 8 0  LET X 3 = D + ( ( X i - B ) + T A N ( P - ( A B S ( A ) ) ) )
0 1 9 0  REM X3 CANNOT BE LARGER THAN THE OBJECT
0 2 0 0  I F  ( < 2 * B ) - X 3 K 1 0 * - 6  THEN GOTO 0 6 4 0
0 2 1 0  REM CALCULATE THETA 2
0 2 2 0  GOTO 0 4 2 0
0 2 3 0  LET X 3 = D - ( ( X I - B ) * T A N ( P - A ) )
0 2 4 0  REM X3 CANNOT BE NEGATIVE
' 0 2 5 0  I F  X 3 < 1 0 * - 6  THEN GOTO 0 6 4 0
0 2 6 0  GOTO . 04 2 0
•0270  LET X 1 = L 0 G < 2 / ( 1 + E X P ( - M 1 * B ) ) ) / M 1
0 2 8 0  LET X2= C D - X 1 ) / C Q S ( ABS( A ) ) •
0 2 9 0  REM I F  THETA 1 RANGES FROM +2 TO + 9 0  I N C L U S I V E  GO TO 3 6 0
0 3 0 0  I F . A > 1 0 " - 6  THEN GOTO 0 3 6 0
0 3 1 0  ■ REM I F  THETA 1 RANGES FROM - 9 0  TO 0 I N C L U S I V E  CONTINUE
0 3 2 0  LET’ X 3 = D + (  ( 0 - X 1  ) * T A N ( A B S (  A ) ) ) ’
0 3 3 0  REM ,X3' CANNOT BE LARGER THAN THE OBJECT
0 3 4 0  I F  ( 2 + B - X 3 K 1 0 * - 6  THEN GOTO 0 6 4 0
. 0 3 5 0  GOTO 0 4 2 0
0 3 6 0  LET X3 = D - ( ( I i - X 1 ) * T A N ( A ) )
0 3 7 0  REM X3 CANNOT BE NEGATIVE
0 3 8 0  I F  X 3 C U V - 6  THEN GOTO 0 6 4 0
0 3 9 0  GOTO 0 4 2 0
0 4 0 0  REM TOTAL SCATTERING ANGLE I S  +90  OR - 2 7 0
0 4 1 0  REM I F  THETA 1 RANGES FROM - 1 8 0  TO - 9 0  I N C L U S I V E  GO TO 4 60
0 4 2 0  I F  ( A + P / 2 ) < 1 0 ' - - 6  THEN GOTO 0 4 6 0
0 4 3 0  REM I F  THETA 1 RANGES FROM. - 8 8  TO + 1 7 8  CONTINUE
0 4 4 0  LET B = F 7 2 - A
0 4 5 0  GOTO 0 4 8 0
0 4 6 0  LET B = - ( 3 + F 7 2  + A )
0 4 7 0  REM CALCULATE E N E R G I E S f ATTENUATIONS AND P R O B A B I L I T I E S
0 4 8 0  LET. E I = E 0 / ( 1  + ( E 0 * ( 1 - C G S < A > ) / 5 1 1 ) )
0 4 9 0  LET E 2 = E 1 / ( 1  + ( E 1 * ( 1 - C 0 S ( B ) ) / 5 1 D )
0 5 0 0  LET H 2 = R * . 9 1 1 * ( E 1 P - . 3 7 3 5
0 5 1 0  LET H3 = R * . 911 * < E 2 ) ’' - . 3 7 3 5
0 5 2 0  REH TOTAL ATTENUATION FACTOR I S  C
0 5 3 0  LET. C = E X P ( - H 1 * X 1  ) * E X P ( - M 2 * X 2 ) * E X P ( - M 3 * X 3 >
0 5 4 0  REH CALCULATION OF K L E I N - N I S H I N A  CROSS SECTIONS J1 AND J2
0 5 5 0  LET 1 1 = (1 - C O S ( A ) )■/511
0 5 6 0  LET I 2 = ( t - C O S ( B ) ) / 5 1 1
0 5 7 0  LET J 1 = ( ( 1 + E 0 * 1 1 ) - 2 ) * ( 1  + < ( COS( A ) ) * 2 )  + ( ( (E O *1 1 2 > / ( 1 +EO*11 > ) >
0 5 8 0  LET J2 = ( (1 +E1 * 1 2 )  ' * - 2 )  * (  1 * (  ( C O S ( B ) ) ' '2)  + ( ( (E1 * 1 2 ) '  2 )  / ( 1  +E1 * 1 2 ) ) )
0 5 9 0  REH TOTAL P R OB A B I L I T Y  I S  J3
0 6 0 0  LET J 3 - J 1 *  J 2 / 4
06  i 0. REH WEIGHTING FA CT O R, I N CL U DI N G ALLOWED PA THS, ATTEN UA TI ON  AND TOTAL P R O B A B I L I T Y , I S  F 
0 6 2 0  LET F = C * J 3
0 6 3 0  GOSUB 0 7 2 0
0 6 4 0  NEXT A
0 6 5 0  REH PRI NT ENERGY HISTOGRAH  
0 6 6 0  LET S=1 
0 6 7 0  FOR S=1 TO 20  
0 6 8 0  P RI NT  ZE ST,
0 6 9 0  NEX1 S 
0 7 0 0  STOP
0 7 1 0  REH SUBROUTINE TO SORT ENERGIES I NTO 2KEV INTERVALS ABOVE 58KEV  
0 7 2 0  LET S=1 
0 7 3 0  LET G = E 2 - 5 8
0 7 4 0  I F  I NT  ( G) < l Q ;‘ - 6  THEN GOTO 0 7 8 0
0 7 5 0  LET 6 = 6 - 2
0 7 6 0  LET S=S+1
0 7 7 0  GOTO 0 7 4 0
0 7 8 0  LET ZCS J= ZCS J+F
0 7 9 0  ’RETURN
APPENDIX 3
P r o d u c t i o n  o f  133Gd and 131Eu by N e u t r o n  I r r a d i a t i o n  o f  1 3 1 Eu
F o r  th e  p u r p o s e  o f  c a l c u l a t i n g  t h e  q u a n t i t i e s  o f  t h e  v a r i o u s  i s o t o p e s
p r o d u c e d  d u r i n g  i r r a d i a t i o n  o f  1 3 1 E u , t h e  scheme shown i n  f i g u r e  4 . 2 4
can  be r e d u c e d  t o  t h a t  shown i n  f i g u r e  A 3 . 1 .  The 1 3 1 Eu ( n , V ) 132mEu (T% 96 m)
r e a c t i o n  c a n  be ig n o r e d  b e c a u s e  t h e  c r o s s  s e c t i o n  i s  s m a l l  com p ared  to
th o s e  o f  th e  131Eu ( n , # ) 1 3 2 Eu and 1 3 + u  ( n + ) 131mEu ( 9 . 3  h )  r e a c t i o n s
( t a b l e  4 . 9 ) .  D e c a y  p r o d u c t s  o f  AJAEu c a n  be ig n o r e d  b e c a u s e  t h e  h a l f
l i f e  o f  1 3 2 Eu i s  lo n g  com p ared  t o  t h a t  o f  1 3 2 mE u .  I t  was n e c e s s a r y  t o
in c l u d e  t h e  i n f l u e n c e  o f  t h e  r e a c t i o n  1 3 3 Gd ( n , ^ ) 13<^Gd b e ca u s e  o f  i t s
153h i g h  c a p t u r e  c r o s s  s e c t i o n  and t o  a c c o u n t  f o r  t h e  d e cay  o f  Gd t o  
153 Eu (T% -  242  d) b e c a u s e  o f  th e  lo n g  i r r a d i a t i o n  t i m e .
A f t e r  an  i r r a d i a t i o n  t im e  t  th e  number o f  r e m a i n i n g  t a r g e t  a tom s  
1 52  1 5 2mi s  NT , t h e  number o f  Eu a to m s  i s  N j ,  t h e  number o f  •L-’z,mEu a tom s i s
152 153t h e  number o f  Gd atoms i s  N3  and th e  number o f  Gd a tom s i s  N ^ .
The r a t e  o f  r e m o v a l  o f  t a r g e t  a tom s i s  g i v e n  by
— L  « N J J  A 3 .1
d t  1  1
w h ere  0  i s  t h e  n e u t r o n  f l u x  and ^  i s  t h e  sum o f  th e  c r o s s  s e c t i o n s
f o r  th e  r e a c t i o n s  1 5 1 E u ( n , t f ) 1 5 2 Eu and 1 5 1 E u ( n , t f ) 1 5 2 mE u . The r a t e  o f
152i n c r e a s e  i n  th e  number o f  Eu a tom s i s  g i v e n  by
flftL =  Nt ^ 0  -  A j IQ  A 3 . 2
w h e re  i s  th e  c ro s s  s e c t i o n  f o r  t h e  r e a c t i o n  1 3 1 E u ( n , # ) 1 3 2 Eu and A j  i s
152t h e  r a t e  c o n s t a n t  f o r  d e c a y  o f  E u .  The r a t e  o f  i n c r e a s e  i n  t h e  number  
o f  132mEu a tom s i s  g i v e n  by
2 + 9
FIGURE A 3 . 1 .  S i m p l i f i e d  scheme show ing is o t o p e s  p ro d u c e d  d u r in g  
i r r a d i a t i o n  o f  ^ 5 + u .
2 5 0
^ 2  i s  t h e  r a t e  c o n s t a n t  f o r  d e c a y  o f  1 5 2 mE tu  T^e  r a t e  Qf  ch an g e  i n  th e  
152number o f  Gd atom s i s  g i v e n  by
w h e re  6^  i s  t h e  c r o s s  s e c t i o n  f o r  t h e  r e a c t i o n  131E u ( n , X ) 132mEu a n d
dN
d t
1  = f 2N2^2 " 3 ~ 3 S A 3 . 4
w here  f ^  i s  t h e  f r a c t i o n  o f  132mEu d e c a y s  w h ic h  p ro d u c e  1 3 2 Gd a tom s and
6 ^  i s  th e  c r o s s  s e c t i o n  f o r  th e  r e a c t i o n  131G d ( n , K ) b F i n a l l y ,  th e
155r a t e  o f  chan ge  i n  th e  num ber o f  Gd a tom s i s  g i v e n  by
dN4
d t
* N3 3^0 -  N4<*40 -  A4 4 A 3 . 5
From  th e s e  f i v e  e q u a t i o n s  i t  i s  p o s s i b l e  t o  d e r i v e  e x p r e s s io n s  f o r  
152 1 5%t h e  number o f  a tom s o f  u  Eu and "°G d p r e s e n t  a f t e r  a  g i v e n  i r r a d i a t i o n  
t i m e .  T h a t  i s  t o  e x p r e s s  N j  and i n  te rm s  o f  d e c a y  c o n s t a n t s ,  c r o s s  
s e c t i o n s ,  f l u x ,  t h e  o r i g i n a l  num ber o f  t a r g e t  a tom s (Ni£) and t h e  i r r a d i a t i o n  
t i m e .  The e x p r e s s io n s  a r e
( e - R t  _ e - A l t )N -  Rj
1 T { -"TT
A 3 . 6
and
N j < < 0  - X 2) <e ‘ Rt -  +
T Z f a ~ +  A4  -  r )
+ «S3U -  R )(e * A2t .  e - ( M  + < ) t )
( 6  f a  +  -  A 2 )
'  (R -  A2 ) ( . ~ ' 3 0 t  -  f a  *  
( £ fa + A4 -  ri30)
w here  R =  ^ T0 ,  = N ^ j 0 ,  R 2  = N-y^20  and f t
_  <^30f2A2R2
-  R
A 3 .7
The i n f o r m a t i o n
p l o t t e d  i n  f i g u r e  4 . 2 5  was o b t a i n e d  f ro m  e x p r e s s io n s  A 6  and A7 u s i n g  a
_ 157_  , , 13 _i
5 mg R u 2  3 t a r § e t  and a f l * ux  o f  10  ncm +sec  .
2 5
A u k la n d ,  K . and J o h n s e n ,  H .M .  ( 1 9 7 4 ) .  A c t a  . P h y s i o l  .S c a n .  91^ 3 5 4 - 3 6 4 .
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